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ADDENDUM 
The possibility of a proteolytic modification of the 
cytochrome band cytochrome oxidase preparations in the 
present work has been briefly discussed on pages 24 and 25. 
Methods for the purification of the mitochondrial membrane 
proteins from Saccharomyces cerevisiae generally disregard 
the possibility of proteolytic activity apparently because 
such activity is low. In contrast, studies with membrane 
proteins from Neurospora crassa have clearly shown that the 
presence of proteolytic activity may be troublesome in some 
cases leading to altered subunit patterns on SDS gels 
(ref. 94). The two organisms therefore appear to differ 
in this regard. 
An obvious approach to overcoming the difficulties of 
possible protease activity is the use of protease inhibitors 
such as phenylmethylsulphonyl fluoride (ref. 94). Such 
reagents have not been employed here because of their 
extreme toxicity and the relatively high concentrations 
required. Moreover inhibition is normally incomplete 
-(ref. 94). 
It might be reasonably expected that any contaminating 
protease activity would be removed in the present work during 
preparation and washing of SMP, or by the initial treatment 
with low concentrations of DOC (sections II-2.2 and II-2.3). 
As already discussed (pp. 24-25), there is some evidence that 
proteolytic modification of the present cytochrome b preparation 
does not occur, though it is more possible in the case of 
cytochrome oxidase due to the much longer precipitation times 
required. The heme a absorption of the latter preparation was 
stable however (section II-3.9) and the cytochrome c oxidase 
activity was high (Table II-3). 
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SUMMARY 
1. A cytochrome b complex (called "cytochrome b" in the text) 
and cytochrome oxidase have been purified 14- and 20-fold 
respectively from yeast SMP by a simple procedure involving 
their spontaneous precipitation from a DOC extract. The recovery 
of both proteins was almost quantitative. The specific heme 
contents were 11 and 8 nrnoles/mg protein for cytochrome band 
cytochrome oxidase respectively and both were spectrally pure. 
Sodium dodecyl sulphate gel electrophoresis resolved cytochrome b 
into seven distinct subunits with molecular weights 42,000, 
33,000, 27,500, 23,000, 15,500, 13,000 and 10,500. Cytochrome 
oxidase contained five bands with molecular weights 42,000, 
26,500, 21,000, 14,000 and 10,500. 
Much of the cytochrome b (and all of the cytochrome 
oxidase) could be resolubilized in aqueous buffer following 
precipitation from the DOC extract. The fraction of the cyto-
chrome b preparation which remained insoluble appeared identical 
to the soluble protein in terms of polypeptide composition but 
contained less P-lipid and bound detergent, suggesting that 
insolubility may result from interaction between hydrophobic 
regions otherwise occupied by amphiphiles. 
Soluble cytochrome b migrated as a single species upon 
analytical ultracentrifugation and column chromatography, and 
during electrophoresis on polyacrylamide gels. Triton X-100, 
urea, or bile salts, failed to dissociate the cytochrome. These 
findings suggest that the subunits are tightly associated 
in situ. 
2. In order to determine the intracellular sites of translation 
of the subunits of cytochrome b, yeast cells were labelled with 
[ 3 H]leucine in the presence of specific inhibitors of mito-
chondrial or cytoplasmic translation. The labelling of subunits 
I and III was found to be insensitive to CHI but was inhibited 
by CAP. Alternatively, subunits IV-VII were labelled in the 
presence of CAP but not in the presence of CHI. 
Since subunit II was not significantly labelled in the 
presence of either inhibitor, the technique of labelling in vivo 
with [ 3H]formate was used to establish its site of biogenesis. 
Formate is incorporated by mitochondrial (but not cytoplasmic) 
ribosomes as N-formylmethionine at initiation and is therefore 
a marker for the products of mitochondrial translation. Subunits 
I, II and III were labelled under these conditions whereas the 
four smallest subunits were not. 
Taken together, these findings clearly establish that the 
three largest subunits of cytochrome bare translated on mito-
chondrial ribosomes and that the four smallest are formed in the 
cytoplasm. The present work, and that of Weiss and Weiss and 
Ziganke (see refs 33 and 34) clearly shows that the cytochrome b 
complex can now be equated with the oligomycin-sensitive ATP 
ase 
and cytochrome oxidase as having polypeptides of both mito-
chondrial and cytoplasmic origin. The present findings also 
underscore the advantages of using [ 3 H]formate to identify the 
products of mitochondrial translation. 
3. A separation of polypeptides is reported based on poly-
acrylamide gel electrophoresis in the presence of the cationic 
detergent CTAB. Like SDS electrophoresis, it shares the 
advantages of dissociability coupled with a linear relationship 
between the migration velocity and the logarithnof the molecular 
weight at least when applied to the simpler hydrophilic proteins. 
Polypeptide chain molecular weights can thus be estimated with 
considerable accuracy. 
More complex membrane proteins generally produced fewer 
bands w_ith the cationic detergent than with SDS. Studies with 
the oligomycin-sensitive ATPase protein indicate that this is 
due principally to an exclusion from the gel of the subunits 
with greatest hydrophobicity. 
Variations of the experimental conditions affected the 
banding patterns on SDS and CTAB gels remarkably little despite 
the relatively complex nature of the hydrophobic membrane 
proteins under investigation. For the SDS gel electrophoresis 
method, only the absence of the reducing agent or a limiting 
SDS concentration during sample dissociation caused changes in 
the gel patterns. The SDS method was generally found to give 
reliable molecular weight estimates for "standard" hydrophilic 
proteins as well as the hydrophilic and hydrophobic subunits 
of three membrane proteins which were examined. 
CHAPTER I 
GENERAL INTRODUCTION 
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The complexity of the structure and function of the 
mitochondrion has long been appreciated. A partial understanding 
of its biogenesis has been slowly emerging, more particularly 
since it was recognised that the organelle itself contains a 
complete genetic system which is capable of coding for, and 
synthesizing, a number of the polypeptide components of the 
inner mitochondrial membrane [1-7). An intriguing feature of 
this organelle is the specific and often vectorial nature of its 
functions on one hand and the dynamic state of its constituents 
on the other [8,9). The picture which has emerged in recent 
years is characteristically one of a highly organized structure 
whose constituents, notwithstanding, are continuously being 
degraded and replaced [9,101. The interesting studies of Schimke 
and co-workers have shown that the degradation rates of proteins, 
including membrane proteins, are generally related to their 
molecular sizes (11,12). Larger polypeptides are apparently 
degraded more rapidly than smaller ones. Each of the protein 
subunits of an oligomeric membrane protein are looked upon as 
being degraded and replaced by pre-exis~ing or newly formed 
copies in the surrounding milieu. During growth a temporal 
dimension - is added to the picture as the mitochondria proliferate 
by division and by incorporation of newly synthesized molecules 
into the growing membranes (1,9). 
The structural complexity of the mitochondrion is equally 
reflected in the makeup of its constituent membranes. The inner 
mitochondrial membrane, for instance, is probably equivalent to 
the most intricate membrane structure yet recognized, but because 
of the interest which has for so long centered on the oxidation-
reduction and energy transfer reactions, some understanding has 
now been gained about the structure and organization of some of 
its components. Four complexes have now been resolved from the 
membrane which, when recombined, will catalyze electron flow from 
NADH or succinate to oxygen (13,14). A fifth complex has recently 
been reported which contains the ATPase (or ATP synthetase) 
complex (15]. 
Many of the proteins in the inner mitochondrial membrane has 
been classified as "intrinsic" (integral), i.e. as being part of 
the membrane proper rather than being loosely attached to the 
surface (16,17]. Examples are the cytochrome band cytochrome 
oxidase complexes, which are hydrophobic in nature and which 
characteristically require detergent treatment fur their extrac-
tion from the membrane (18,19]. It is generally believed that 
the stabilizing forces responsible for the association of the 
protein complexes within the membrane are non-covalent and 
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largely hydrophobic in nature (20-22]. The intramolecular forces 
which hold the polypeptides and the lipid moiety of an oligomeric 
protein together seem to be stronger than the bonds betwee n the 
protein complexes themselves; consequently, the protein constit-
uents of the membrane are usually solubilized as multi-subunit 
lipoprotein complexes which often retain their functional charac-
teristics (5,18,21-23]. According to the currently favoured views 
of membrane structure, these oligomeric protein complexes in the 
inner mitochondrial membrane are thought to be embedded in a 
milieu of lipids, mostly phospholipids, which themselves assume 
the well known end-to-end bilayer arrangement (21]. 
Due to the tight binding and hydrophobic nature of the inner 
membrane constituents, the purification of individual proteins is 
usually a difficult task. Fortunately, the forces which maintain 
the membrane structure are sufficiently variable at the molecular 
level that a preferential solubilization of a particular protein 
can sometl mes be achieved by careful choice of conditions (18,20]. 
Because of the tendency of the solubilized membrane protein to 
reaggregate, further manipulations are usually carried out in the 
presence of a dispersing detergent (18]. Purification is still 
often achieved by classical ammonium sulphate precipitation in 
the presence of mild detergents such as Triton X-100, cholate or 
DOC (18,23]. Density gradient centrifugation and column 
chromatography (both in the presence of detergents) is also often 
employed (24,26]. In recent years, other methods such as immuno-
precipitation of solubilized membrane proteins (25,27], and SDS 
gel electrophoresis [24-26], have contributed considerably to the 
rapid progress in isolation and characterization of the constituent 
proteins of the inner mitochondrial membrane. 
Various procedures have now been described for the isolation 
of inner membrane proteins such as the oligomycin-sensitive 
ATPase (for references see Senior [28]), cytochromes b (19,29-34], 
c1 (32,35-37] and cytochrome oxidase (19,24-26, 38-43]. Some of 
the recent work, particularly with the proteins from yeast and 
Neurospora, has been prompted by a growing interest in the 
mechanism of mitochondrial biogenesis, especially that aspect 
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relating to the identity of the polypeptides which are translated 
within the organelle. For such studies purified, well characterized 
membrane pr~teins are required. The biogenesis studies have so far 
mostly centered on the oligomycin-sensitive ATPase and cytochrome 
oxidase complexes [5-7), since both catalyze a specific enzymatic 
reaction that can be easily monitored in the course of purification. 
On the other hand, the segment of the respiratory chain which 
contains cytochromes band c 1 (complex III) mediates electron 
transfer between coenzyme Q1o and cytochrome c only where the 
complex remains intact [13,14,19); further resolution yields 
cytochromes band c1 which by themselves have no properties which 
are readily measurable other than heme absorption [19,32). 
It is now well established that the mitochondrion possesses 
unique species of DNA and RNA and is capable of translation using 
its own ribosomes [4,7). Although the transcription and trans-
lation machinery within the organelle is quite distinct from that 
of the nucleo-cytoplasmic system, and apparently does not share any 
component with the latter, about 85-95% of the proteins in the 
mitochondria are nonetheless synthesized in the cytoplasm [7]. The 
proteins which are formed on mitochondrial ribosomes are apparently 
exclusively found in the inner mitochondrial membrane [7]. The 
identity of these mitochondrial translation products has proved 
difficult to establish. The most successful approach so far has 
been the in vivo labelling of the polypeptides in the presence of 
specific inhibitors of either mitochondrial or cytoplasmic protein 
synthesis, followed by purification of the protein and resolution 
of the subunits by SDS gel electrophoresis [1,7). Much of the 
information on the biogenesis of specific inner membrane proteins 
has been reported during the last three years while the present 
work was in progress [27,33,34,44,45). 
In yeast mitochondria, two oligomeric proteins, namely the 
oligomycin-sensitive ATPase and cytochrome oxidase,have been now 
shown to contain mitochondrially translated polypeptides [27,44-46). 
The present evidence suggests that coenzyme QH 2 -cytochrome c 
reductase complex contains components which are formed within the 
mitochondrion; the heme b absorption bands are absent from petite 
mutant of yeast lacking mitochondrial DNA and from wild-type cells 
grown at CAP concentrations sufficient to inhibit translation 
on mitochondrial ribosomes [7). Furthermore, the development of 
coenzyme QH 2 -cytochrome c reductase activity is dependent on the 
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presence of a functional mitochondrial protein synthesizing system 
[14,47-49). 
Due to the lack of direct information on the formation of the 
cytochrome b-c 1 segment, and the interesting possibility that at 
least cytochrome b may contain product(s) of mitochondrial protein 
synthesis, it was undertaken to purify the cytochrome b from yeast 
mitochondria, and to determine the sites of translation of its 
protein components. This cytochrome had been purified in a 
spectrally pure form from yeast only once previously [19) but was 
not further characterized. The work described in this thesis 
reports the purification of the cytochrome band cytochrome oxidase 
proteins and their partial characterization (chapter II). Chapter 
III deals with the biogenesis of the two cytochromes, especially 
that of cytochrome b. The final part of this thesis (chapter IV) 
describes the development of a new detergent electrophoresis 
technique, similar to the SDS one, but involving the cationic 
amphiphile cetyltrimethylammonium bromide (CTAB), and the 
application of this method, together with the SDS one, in the 
study of these membrane proteins. 
CHAPTER II 
THE PURIFICATION AND PARTIAL CHARACTERIZATION OF 
CYTOCHROME b AND CYTOCHROME OXIDASE FROM YEAST 
MITOCHONDRIA 
II-1 INTRODUCTION 
Like much of the recent work o n the isolation of yeas t 
mitochondrial proteins, the present study was prompted by the 
interest in the biogenesis of the constituent proteins of the 
inner mitochondrial membrane. Saccharomyces cerevisiae i s a 
very suitable organism for this purpose. Since it is a 
facultative aerobe the physiological growth conditions o f the 
cells can be manipulated so as to result in characteristic 
responses in the structure and the composition of the mi t o-
chondria (3). The genetic s y stem of this organism is also 
reasonably well understood (3). Therefore, much of the work 
which has focused on the biogenesis of mitochondria has been 
carried out using the yeast, Saccharomyces cerevisiae. This 
earlier work had therefore furnished many important findi ngs 
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on practical methods involved in biogenesis studies, most 
importantly the feasibility of using the approach of labe ll i ng 
in vivo in the presence of specific inhibitors of either 
cytoplasmic or mitochondrial translation (7). For these r e asons 
yeast was chosen for the present study. 
A- number of cytochrome b preparations from mammal ian 
mitochondria has been described (29-32). Recentl y the purif i cat-
ion of the heme-binding polypeptide of cytochrome b from 
Neurospora crassa was also reported (34). To date only one 
preparation of yeast cytochrome b has been described (19). It 
was isolated in a spectrally pure form but was not further 
characterized, moreover the preparation was particulate whic h 
made further purification difficult. During the present work on 
the isolation of yeast cytochrome b a relatively simple method 
was developed which results in high yields of a spectrally pure 
cytochrome b complex. Much of the preparation can be easily 
dispersed in aqueous buffers. The method also yields a spectrally 
pure preparation of cytochrome oxidase which is comparable in 
many respects to the other cytochrome oxidase preparations 
isolated from yeast mitochondria (19,25,26,38-41). The isolation 
and partial characterization of these cytochromes has been 
described in the present chapter. 
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II-2 EXPERIMENTAL 
II-2.1 Growth of yeast cells 
Saccharomyces cerevisiae (a locally isolated diploid wi ld 
type, strain M) was grown at 28°C in a medium which contai ne d 
1.5% (W/v) galactose, 0.75 % Difeo yeast extract, 0.12 % (NH 4 ) 2S0 4 , 
0.05% NaCl, 0.01 % CaCl 2 , 0.2% MgS04.7H 20, 0.1% KH 2P0 4 and 3 x 
10- 4 % FeC1 3 • Oxygen was provided throughout and cells we r e 
harvested in late logarithmic or early stationary phase of 
growth where respiration was reasonably high at 180-220 ng 
atoms of oxygen consumed/min/mg dry weight of cells (measure d 
polarographically with a Clark-type oxygen electrode at 30°C i n 
a medium containing 20 mM glucose and 50 mM NaPi, pH 6.0). 
II-2.2 Preparation of submitochondrial particles 
Cells were washed twice with cold water and once in 0.5 M 
sorbitol, 1 mM EDTA and 10 mM Tris-HCl, pH 7.4, then resuspe nded 
in the latter medium (1 g wet weight of cells/ml of medium) an d 
broken by treatment in a Braun homogenizer at 4,000 rpm for 30 
sec (50]. For each homogenization, 20 ml of cell suspension and 
25 ml of glass beads (diameter 0.45-0.50 mm) were used. The 
homogenate was centrifuged three times at 1,000 xg for 5 min t o 
remove unbroken cells (usually 40-50% of the number of cells 
present) and larger cell debris, then mitochondria were collected 
at 15,000 xg for 10 min. The pellet was suspended in 0.25 M 
sorbitol and 10 mM Tris-HCl, pH 7.4, and centrifuged at 1,000 xg 
for 5 min before collecting the mitochondria at 15,000 xg for 
10 min. The pellet was suspended at 10 mg protein/ml in the 
same buffer and sonicated for 30 sec under nitrogen using a 
Branson sonifier at an output of 7 amp. To minimize heating 
the mitochondrial suspension was surrounded by ice. Submito-
chondrial particles were sedimented at 100,000 xg for 30 min 
and washed once. 
II-2.3 Cytochrome isolation 
The method for isolation of the cytochrome band cytochrome 
oxidase complexes from yeast SMP is summarized in Scheme II-1. 
All steps were carried out at 0°C. Submitochondrial particles 
were resuspended in 0.25 M sorbitol and 10 mM Tris-HCl, pH 7.4, 
at 20 mg protein/ml, then solid KCl followed by DOC (10 % W/ v, 
pH 7-8) were added slowly to the stirred solution to concentra-
SCHEME II-1 
THE PURIFICATION OF MITOCHONDRIAL CYTOCHROMES FROM YEAST 
SUBMITOCHONDRIAL PARTICLES 
SUPERNATANT 
{cytochrome c) 
0.15 mg DOC/mg protein 
1 M KCl 
100,000 xg, 45 min 
PELLET 
0.5 mg DOC/mg protein · 
1 M KCl 
100,000 xg, 30 min 
SUPERNATANT 
{cytochromes b, c 1 , 
I overnight 
PELLET 
PELLET 
(mainly DOC) 
at o0 c 
SUPERNATANT 
repeated centrifugations 
days 1-2 
SUPERNATANT 
{cytochro es c 1 , aa 3 ) 
PELLETS 
(cytochrome b) 
SUPERNATANT 
{cytochrome c 1 and 
other proteins) 
repeated centrifugations 
days 3-7 
PELLETS 
(cytochrome aa 3 ) 
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tions of 1 Mand 0.15 mg detergent/mg protein, respectively. 
After stirring for 30 min the suspension was centrifuged at 
100,000 xg for 45 min and the supernatant, which contained all 
of the cytochrome c, was carefully removed. The pellet was 
resuspended in 0.25 M sorbitol and 10 rnM Tris-HCl, pH 7.0, then 
solid KCl and 10% DOC were slowly added to concentrations of 1 M 
and 0.5 mg detergent/mg protein respectively. The solution was 
stirred for 30 min then centrifuged at 100,000 xg for 30 min to 
obtain a clear brown supernatant which contained almost all of _ 
the remaining cytochromes. 
The clear supernatant was left to stand overnight. Turbid-
ity developed within that time and was removed by centrifugation 
at 40,000 xg for 15 min. The first pellet was often discarded 
since it contained DOC with little cytochrome. Centrifugation 
was repeated thereafter whenever slight turbidity developed 
(normally every 2-4 h). The pellets, which contained spectrally 
pure cytochrome b together with varying amounts of DOC, were 
resuspended in 10 rnM Tris-HCl, pH 7.4. The cytochrome should be 
removed frequently as aggregation continues since an increased 
proportion could not be resolubilized in aqueous buffers (det-
ails in section II-3.6) when the precipitated protein was left 
in contact with the DOC extract. 
Cytochrome b precipitation was complete within 48 hand was 
followed by a progressive aggregation of cytochrome oxidase. The 
first cytochrome oxidase fraction(s) may show some overlap with 
cytochrome band can be discarded. Much of the cytochrome oxi-
dase was collected within the following 48 h but up to 5 days 
was required for complete precipitation. The final supernatant 
contained spectrally pure cytochrome c 1 • 
II-2.4 Spectral Analysis 
Samples for spectral analysis were buffered with 0.1 M 
Tris-HCl pH 7.4; at lower buffer concentrations addition of 
sodium dithionite resulted in a significant drop in pH which 
frequently led to precipitation of the protein sample. Spectra 
were obtained either at room or liquid nitrogen temperature 
using a Cary 14 recording spectrophotometer. Absolute spectra 
were recorded against equal concentrations of bovine serum 
albumin. Heme contents were calculated from the reduced minus 
oxidized difference spectra using the following millimolar 
8 
extinction coefficients for the a absorption band: cytochrome 
b, 13.2 (ref. 30), cytochrome a, 10.4 (ref. 51) and cytochrome 
c 1 , 17.1 (ref. 35). The pyridine hemochromogen spectrum was 
obtained as previously described (52]; protein was precipitated 
with acetone, extracted with chloroform-methanol and again with 
acetone, then heme b was solubilized by extracting three times 
with acidic acetone. The extracts were lyophilized and the heme 
taken up in pyridine - KOH solution, then spectra were recorded 
against pyridine - KOH. The residue after acidic acetone treat-
ment will contain heme c 1 (or c) if the cytochrome b prepara-
tion is contaminated by the corresponding cytochromes. Spectral 
analysis of this residue after solubilization in alkaline pyrid-
ine solution showed no heme absorption. 
II-2.5 Enzyme assays 
a. Cytochrome c oxidase 
Cytochrome c oxidase activity was measured by a modification 
of the method of Duncan and Mackler (39]. Protein samples (1-
10 µg) were supplemented with 2 mg/ml of sonicated soybean P-
lipids (asolectin), then transferred to an assay mixture which 
contained, in 2.0 ml, 0.04 M NaPi, pH 7.4, and 0.05% reduced 
cytochrome c. Rates of cytochrome c oxidation were recorded 
at 23°C and at 550 nm using a Gilford recording spectrophoto-
meter. Specific activities were calculated from initial veloc-
ities, using an extinction coefficient for reduced cytochrome 
c of 18.5 mM- 1 cm- 1 at 550 nm (53]. 
b. Other assays 
Succinate - and NADH - cytochrome c reductase activities 
were measured essentially as described by Duncan and Mackler 
[39]. The reaction mixture contained, in 2.0 ml, 10-30 µg 
protein, 0.04 M NaPi buffer, pH 7.4, 0.05% cytochrome c, 1 mM 
KCN and either 10 mM sodium succinate or 1 mM NADH. Oligo-
mycin-sensitive ATPase activity was measured in 1.0 ml reaction 
mixture containing 0.05 M Tris-HCl, pH 8.5, 5 mM ATP and 5 mM 
MgC1 2 [54]. Reactions were carried out at 37°C for 5 min and 
stopped with 0.5 ml of 10% trichloroacetic acid. In general, 
the ATPase activity was inhibited by 85-95% in the presence of 
10 µg oligomycin. The phosphate liberated was estimated accor-
ding to Taussky and Shorr (55]. 
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II-2.6 Electrophoretic methods 
Sodium dodecyl sulphate gel electrophoresis was performed 
using 10% polyacrylamide gels essentially as described by Weber 
and Osborn [56] (details are given in chapter IV). Electro-
phoresis under non-dissociating conditions was carried out as 
described by Davis [57]. The sample gel was omitted and protein 
samples were loaded onto stacking gels. Running gels contained 
either 7, 5 or 3.5% acrylamide. Additions to the gel mixture 
(2% cholate, 1% DOC, 1% Triton X-100 or 8 M ureaj were made prior 
to polymerization and were also included in the tube space above 
the gels. Densitometer tracings of the stained gels were obtain-
ed using the scanning attachment of a Gilford recording spectro-
photometer. 
II-2.7 Other methods 
Proteins were measured by the method of Lowry et al. [58] 
using 0.3% DOC to solubilize membrane proteins. Bovine serum 
albumin was used as a standard. 
Total phosphorus was assayed as described by Chen et al. 
[59] by ashing of the samples with concentrated HN0 3 followed by 
30% H20 2 • For estimation of P-lipid the values were mult iplied 
by 25. 
II-2.8 Materials 
Cholic and deoxycholic acids (Sigma) were recrystallized 
twice from 50% ethanol, dried under vacuum and solubilized by 
neutralization with NaOH. Stock solutions of 10% DOC and 20% 
cholate were kept at room temperature. 
Labelled [1 4 cl DOC (Mallinckrodt, specific activity 2.98 
mCi/mmole) was dried under nitrogen and solubilized in unlabelled 
DOC to a final specific activity of 140,000 cpm/mg DOC. 
II-3 RESULTS 
II-3.1 Breakage of yeast cells and preparation of sub-
mitochondrial particles 
1 0 
The protein released from yeast cells increased in a s i mi la 
manner to the protein recovered in a mitochondrial pellet when 
the time of cell breakage in the Brown homogenizer was 
progressively increased (Fig. II-1). The specific activi ty of 
cytochrome oxidase was unchanged by varying the time of cell 
breakage indicating that the purity of the mitochondria was 
essentially constant. Only about 60-70% of the cytochrome c 
oxidase activity and of cytochromes b, c 1 and aa 3 were recovered 
in the mitochondrial (15,000 xg) fraction; the rest remained in 
the post-mitochondrial supernatant. 
Attempts to further purify the mitochondria were 
unsuccessful. Sedimentation through a stepwise sorbitol density 
gradient either before or after swelling and shrinkage [60] 
(to break the mitochondrial membranes and to release the mat r ix 
proteins) resulted in some loss of mitochondrial protein but on ly 
in a slight increase in the specific activity of the mitochond r ia 
ATPase. Submitochondrial particles, prepared as described in 
Experimental, showed comparable specific ATPase activity a nd were 
devoid of microsomal glucose-6-phosphatase activity. 
Sonication of the mitochondria for varying time intervals 
revealed that most fragmentation of the membranes occurred durinq 
the first 35 sec. As shown in Fig. II-2 the membrane particles 
which could not be sedimented at 40,000 xg reach a plateau at t his 
time. Submitochondrial particles were thus routinely prepared by 
sonicating for 30 sec under nitrogen followed by centrifugation 
at 100,000 xg for 30 min to isolate the membrane fragments. The 
preparation so obtained contained 80% of the cytochrome c oxidase 
activity and of cytochromes b, c 1 and aa 3 and 45% of the protein 
of the original mitochondria. 
II-3.2 Isolation of cytochrome band cytochrome oxidase 
The procedure described by Tzagoloff for the isolation of a 
spectrally pure cytochrome b from yeast mitochondria [19) could 
not be repeated with the yeast strain used in this laboratory. I t 
was therefore undertaken to develop a new method by which 
Fig . II-1 The effect of the time of cell breakage on the release of ·protein and on the 
recovery and purity of mitochondria. Yeast cells were harvested, washed and 
suspended in the homogenization buffer as described in Experimental. Cell 
suspensions were treated in a Braun homogenizer for a varying length of time, 
then centrifuged t ~ ice at 1,000 xg for 5 min and once at 15,000 xg for 10 min 
to sediment the mitochondria. Samples were withdrawn from 1,000 xg and 15 , 000 
xg supernatants, and from the resuspended mitochondrial solution, for protein 
estimation and for the assay of cytochrome c oxidase activity. o o, the 
supernatant after the second 1,000 xg centrifugation; • •, 15,000 xg 
supernatant; 6 6 , the mitochondrial pellet; 6----- 6 , cytochrome c 
oxidase activity in the mitochondrial pellet . 
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Fig. II-2 The effect of the time of sonication of mitochondria on the release of protein 
and cytochrome c oxidase activity into 40,000 xg supernatant. Mitochondrial 
pellets were suspended in 0.25 M sorbitol and 10 mM Tris-HCl, pH 7.4, at 10 mg 
protein/ml, and sonicated in a Branson sonifier at an output of 7 amp for the 
indicated time. At each point a 0.5 ml aliquot (total volume 35 ml) was withdrawn 
which was centrifuged at 40,000 xg for 15 min. Samples from the supernatants 
were assayed for protein and cytochrome c oxidase activity. o o ,protein in 
the 40,000 xg supernatant; o-----o, cytochrome c oxidase activity in the 
40,000 xg supernatant. 
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cytochrome b could be isolated free of other cytochromes. 
Basically, the usual method of fractionating the membranes using 
bile detergents in the presence of KCl was employed. Deoxyc holate 
was preferred in this study since it had been successfully used 
previously for the sequential solubilization of cytochrome b-c 1 
and cytochrome oxidase from beef heart mitochondria [61]. I n 
earlier work the parameters which affect the solubilization of 
the cytochromes by DOC were examined in more detail. 
When SMP in 0.25M sorbitol, 1 mM EDTA and 10 mM Tris-HCl, 
pH 7.4, were treated . with increasing concentration of DOC (up t o 
0.5 mg DOC/mg protein) in the presence of 1 M KCl only cytochrowe 
c was solubilized (Fig. II-3, dashed line; only 0.5 mg DOC/mg i s 
shown). The cytochrome c depleted pellets were then washed with 
0.25 M sorbitol and 10 mM Tris-HCl, pH 7.4 (omitting EDTA), the 
resuspended in the same medium and treated with increasing con-
centration of DOC/KCl as above. Cytochromes b, c1 and aa3 now 
became soluble (Fig. II-3, solid line; only 0.5 mg DOC/mg is 
shown) showing that EDTA markedly affects the solubilization 
process. 
Fig. II-4 shows the effect of SMP protein concentration and 
solubilization time on the amount of the cytochromes relea s e d a t 
a fixed concentration of DOC (0.5 mg DOC/mg protein). Doubl ing 
the protein concentration (DOC concentration also doubled) had no 
obvious effect on the amounts of cytochromes band aa 3 which were 
solubilized at this fixed DOC/protein ratio (note that the numbers 
for cytochromes band aa 3 in a-c (Fig. II-4) must be doubled in 
order to compare them with the spectral values in d-f). At eithe 
protein concentration the time of extraction was not important fo r 
the solubilization of cytochrome aa 3 while 40% more cytochrome b 
could be released if the suspension was incubated for 30 min 
before centrifugation rather than sedimenting the particles 
immediately. These findings suggest that the two cytochromes are 
solubilized as separate complexes. 
The effect of increasing concentrations of DOC on the release 
of cytochromes from SMP at pH 7.0 is shown in Fig. II-5. Cyto-
chrome c is completely solubilized at a DOC concentration (0.2 mg 
DOC/mg protein) where only small amounts of the other cytochromes 
are released. Cytochromes b, c 1 and aa 3 appear in solution 
almost simultaneously at 0.3 mg DOC/mg protein. It therefore 
seems apparent that these cytochromes cannot be separated in the 
Fig. II-3 Low temperature spectra of the cytochrome species 
solubilized by DOC from yeast SMP in the presence or 
absence of EDTA. Submitochondrial particles in 0.25 M 
sorbitol, 1 rnM EDTA and 10 rnM Tris-HCl, pH 7 . 4, at 10 
mg protein/ml, were extractedwith 0.5 mg DOC/mg 
protein in the presence of 1 M KCl at 0°C. The 
suspension was centrifuged at 100,000 xg for 30 min, 
then reduced (dithionite) minus oxidized (ferricyanide) 
difference spectrum of the supernatant was recorded 
at -196°C (dashed line). The pellet was washed with 
0.25 M sorbitol and 10 rnM Tris-HCl, pH 7.4, to remove 
EDTA, then resuspended in the same buffer and extracted 
with 0.5 mg DOC/mg protein as above. The difference 
spectrum of the supernatant was again recorded (solid 
line). 
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Fig. II-4 Spectral analysis of the effects of protein concentr-
ation and time of extraction on the DOC-induced 
solubilization of cytochromes from yeast SMP. Submito-
chondrial particles were suspended in 0.25 M sorbitol 
and 10 mM Tris-HCl, pH 7.4, at protein concentration 
of 10 mg/ml (a-c) or 20 mg/ml (d-f), then solid KCl 
followed by DOC were added to the concentrations of 
1 Mand 0.5 mg detergent/mg protein, respectively. The 
suspensions were either centrifuged immediately 
(a and d) or stirred for 15 min (band e) or 30 min 
(c and f) before centrifugation. Room temperature, 
dithionite reduced minus ferricyanide oxidized spectra 
were recorded using the same aliquot of each supernatant 
fraction. The absorbance units are given as 6 OD 
(562-575) for cytochrome band 6 OD (604-630) for cyto-
chrome aa 3 • 
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Fig. II-5 Low temperature difference spectra of the cytochromes 
released from SMP by varying DOC concentrations at pH 
7.0. Submitochondrial particles were suspended in 
0.25 M sorbitol and 10 mM Tris-HCl, pH 7.4, at 20 mg 
protein/ml, and the pH adjusted to 7.0. The suspension 
was treated with var y i ng DOC concentration in the 
presence of 1 M KCl for 30 min at 0°c. Dithionite 
reduced minus ferricyanide oxidized spectra of the 
100,000 xg supernatants were recorded at -196 °C. 
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circumstances of this experiment by varying the DOC concentration. 
Spectral analysis of residual pellets indicated that 13 to 16% 
of the cytochromes b, c1 and aa3 were not solubilized by treat-
ment at a detergent concentration of 0.5 mg DOC/mg protein and 
that these amounts decreased only slightly by increasing the 
DOC concentration above 0.5 mg DOC/mg protein. 
Cytochromes band c 1 are apparently solubilized simultan-
eously since at all DOC concentrations the absorbance ratios 
(b/c 1) were similar (Table II-1) while cytochrome aa 3 in the 
extract seemed to increase independently. The molar ratio of 
these cytochromes in the extract (0.5 mg DOC/mg protein) has 
been found to be approximately 2:1:1 (b:c 1:a) when calculated 
from the room temperature spectra after removal of interfering 
cytochrome c. The amount of extractable oligomycin-sensitive 
ATPase activity reached a maximal value at 0.4 mg detergent/mg 
protein (Table II-2). Variation of the pH between 7 and 8 did 
not affect the solubilization of the cytochromes. Cytochromes 
b, c 1 and aa 3 were again completely solubilized at about 0.4 mg 
DOC/mg protein (Fig. II-6). 
The freezing of SMP at - 15°C in 0.25 M sorbitol and 10 m~ 
Tris-HCl, pH 7.4, resulted in aggregation of the particles . Th e 
solubilization of the cytochromes from the aggregated SMP wa s 
less effective and the DOC extracts were turbid due to the 
presence of floating lipids. Freezing and storing of SMP was 
therefore not used in the present study. 
II-3.3 Purification of cytochrorreb and cytochrome oxidase 
a. Early observations 
It was repeatedly found that the supernatant from SMP 
extracted with DOC at 0.5 mg detergent/mg protein became turbid 
upon storage at 0°C. Centrifugation of the suspension yielded 
a red pellet which in certain cases was spectrally pure cytochrome 
b. This observation suggested that the precipitation could be 
potentially useful in the development of a method for cytochrome 
b purification. Cytochrome b aggregated completely within 48 h, 
followed by cytochrome aa 3 • Some overlap often occurred. Cyto-
chrome c 1 remained in the extract. As described below, aggre-
gation of the cytochromes was critically dependent on a number 
of experimental parameters. 
TABLE II-1 
THE EFFECT OF INCREASING DOC CONCENTRATION ON THE EXTRACTION 
OF CYTOCHROMES b, c 1 AND aa 3 FROM SMP 
The amounts of hemes b, c1 and a in the e x tracts were estimated 
from the spectra shown in Fig. II-5 and the heme ratios were 
calculated by taking heme bas unity. The values (OD units) 
are the differences between 559 and 575 nm (heme b), 553 and 
540 run (heme c1), and 602 and 630 nm (heme a). The values for 
heme c1 are probably overestimated due to the presence of 
interfering cytochrome c in the extracts (however, the amount 
of cytochrome c does not increase after 0.2 mg DOC/mg protein). 
DOC/Protein Amount of hemes Heme ratio 
in sample 
mg/mg OD units X 10
3 b c1 a 
heme b heme C1 heme a 
0 0 0 0 
0.1 0 0 0 
0.2 22 14 5 1 0.64 0.23 
0.3 91 58 24 1 0.64 0.27 
0. 4 100 65 39 1 0.65 0.39 
0.5 94 61 39 1 0.65 0.42 
0.6 102 69 46 1 0.70 0.45 
0.7 100 69 46 1 0.69 0.46 
TABLE II-2 
THE EXTRACTION OF OLIGOMYCIN-SENSITIVE ATPase ACTIVITY FROM 
SMP WITH INCREASING CONCENTRATION OF DOC 
Submitochondrial particles in 0.25 M sorbitol and 10 mM Tris-HCl, 
pH 7.4, at 10 mg protein/ml, were extracted with varying 
concentrations of DOC in the presence of 1 M KCl. Aliquots of 
the extracts were analyzed for oligomycin-sensitive ATPase 
activity as described in Experimental. 
Detergent concentration 
mg DOC/mg protein 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
Oligomycin-sensitive 
ATPase activity 
µmol P. released/ml DOC 
1 
extract 
0 
2.8 
5.5 
7.5 
9.5 
9.4 
Fig. II-6 Low temperature spectral analysis of the cytochromes 
released from SMP by DOC at pH 8.0. Details are given 
in the legend to Fig. II-5. The pH was adjusted to 
8.0 with 1 M Tris. 
500 
559 
553 
548 
n 
" I I 
I I 
I I 
I I 
I I 
.J I 
I I 
I 
I 
II I 
I\ I 
,v 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
f\ I\ I 
I \ I\ I 
I '-· \ I 
I \ I 
/ I I 
I \ I 
I \ I 
I \ I 
I \ I / v 
I 
I 
550 
nm 
602 
(\ 
I \ 
I I 
I 
I 
I 
I 
I 
I 
I I 
I I 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
I / 
\ I 
\ / 
\ I 
., 
600 
I 
I 
I 
I 
\ 
\ 
DOC / PROTEIN (mg / mg ) 
0.4 
,_ 
0 .3 
0 .2 
b. Factors affecting the precipitation of the cytochromes 
(i) pH of the DOC extract 
1 3 
Submitochondrial particles were extracted with 0.15 mg DOC / 
mg protein to remove cytochrome c, then cytochromes b, c 1 and a a 3 
were extracted with 0.5 mg DOC/mg protein (see Experimenta l). Th 0 
latter supernatant was used in the experiments described be l ow. 
Only DOC extracts of SMP adjusted to pH 7.0 became turbid 
within 24 h. Repeated centrifugation yielded spectrally pur e 
cytochrome b, followed by cytochrome aa 3 . Spectral analysis of 
a typical experiment is given in Fig. II-7, which shows spec-ra 
of some of the pellets and supernatants obtained during the 
progressive aggregation of the cytochromes. Samples adjusted to 
pH 8.0 after DOC extraction failed to form any turbidity within a 
week. Adjustment of the pH to 6.8 caused immediate precip i tatio n ; 
centrifugation yielded a red cytochrome b pellet which was slightly 
contaminated by the other cytochromes. 
To illustrate the importance of the pH of the DOC extract on 
the aggregation of the cytochromes two types of experiments are 
briefly discussed below. When the DOC extract, adjusted to p H 8, 
was dialyzed against 0.25 M sorbitol and 10 mM Tris-HCl, p H 8. 0 , 
the small amount of protein which aggregated within 42 h sedi -
mented as a pellet containing cytochromes b, c1 and aa3. This 
finding shows that the aggregation of cytochrome b specifically 
is not induced by lowering the detergent concentration at pH 8. 
The other experiment deals with the spectrally pure cytochrome b 
which had been obtained by the slow precipitation method as 
described in Experimental; after resolubilization of the aggrega te 
in 10 mM Tris-HCl, pH 7.4, the cytochrome could be reprecipitated 
by bringing the pH down to pH 6.8. Much of the aggregated cyto-
chrome could then be resolubilized again in 10 mM Tris-HCl at pH 
7.4. This suggests that at pH 6.8 cytochrome bis close to or at 
its isoelectric point. 
(ii) Importance of DOC concentration 
This point is illustrated in Fig. II-8. If the second DOC 
extraction of SMP was carried out at DOC concentrations of 0.4, 
0.5 and 0.6 mg detergent/mg protein and the first overnight 
aggregates analysed, the cytochrome b pellet obtained from the 
sample at the lowest DOC concentration was contaminated by 
cytochrome aa 3 while hardly any cytochrome b precipitation w s 
Fig. II-7 Room temperature spectra of some of the precipitates 
and remaining supernatant fractions analysed during the 
slow precipitation of cytochromes band aa 3 from the 
DOC extract. Submitochondrial particles were extracted 
with 0.15 mg DOC/mg protein, then with 0.5 mg DOC/mg 
protein to yield an extract containing cytochromes b, 
c 1 and aa 3 . The extract was left to stand at 0°C. The 
cytochromes which gradually precipitated were removed 
by repeated centrifugation as aggregation occurred, 
then resuspended in 10 mM Tris-HCl, pH 7.4. At pre-
determined times, the pellets and/or the remaining 
supernatants were analysed by recording the reduced 
minus oxidized difference spectra at room temperature. 
a. The pellet obtained after 24 h. 
b. The pellet obtained after 42 h. 
c. The pellet obtained after 55 h. 
d. The supernatant after removing the pellet at 55 h. 
e. One of the green cytochrome aa
3 
pellets which was 
obtained after approximately 90 h. 
f. The final supernatant after complete removal of 
cytochromes band aa
3 
(approximately 150 h). 
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Fig. II-8 Spectral analysis of the cytochrome pellets obtained 
from the DOC extracts at two different detergent 
concentrations. Submitochondrial particles were 
extracted at 0.15 mg DOC/mg protein, then at 0.4, 0.5 
or 0.6 mg DOC/mg protein at pH 7.0. The extracts were 
left at 0°C for 17 h, then centrifuged and the pellets 
analysed spectrophotometrically at room temperature. 
Only a minor pellet was obtained at 0.6 mg DOC/mg 
protein, whose spectrum was not recorded. 
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observed at the highest concentration. On the other hand, a 
typical preparation of spectrally pure cytochrome b precipitated 
at 0.5 mg DOC/mg protein (Fig. II-8). In this particular experi -
ment, precipitation of cytochrome b from the extract at 0.6 mg 
DOC/mg protein started later and the cytochrome was obtained in 
a spectrally pure form. However, gel formation by the de tergent 
is often a problem at DOC concentrations above 0.5 mg detergent/ 
mg protein and such conditions usually results in an extensively 
contaminated cytochrome b preparation. 
If SMP which had been extracted with 0.15 mg DOC/mg protein 
were washed with sorbitol - Tris before the second extraction was 
carried out at 0.5 mg DOC/mg protein, the resulting cytochrome b 
was contaminated with cytochrome aa 3 • Further, if the first 
extraction was carried out at 0.3 mg DOC/mg protein followed by 
the extraction at 0.5 mg DOC/mg protein gel formation occurred 
within the first few hand this resulted in a contaminated 
cytochrome b preparation. It must therefore be emphasized that 
close adherence to the procedure is necessary if a satisfactory 
purification of the cytochromes is to be obtained. 
(iii) Other factors 
If 5 mM EDTA was added to the DOC extract immediately after 
solubilization of the cytochromes, the aggregation process at 0°C 
was unaffected. This suggests that divalent metal cations such 
as Mg 2+ and Ca 2 + do not affect the precipitation of the cyto-
chromes. When the aggregation was carried out under oxygen or 
nitrogen atmosphere, or the cytochromes in the DOC extract were 
first reduced with dithionite and then allowed to aggregate under 
air, spectrally pure cytochrome b was obtained in each case. 
These findings suggest that the oxidation state of the cytochromes 
and also auto-oxidation of proteins are both unimportant for the 
precipitation. 
II-3.4 Some properties of cytochrome band cytochrome oxidase 
a. Flow sheet of purification 
Deoxycholate at a concentration of 0.5 mg detergent/mg 
mitochondrial protein solubilized a major proportion (>80 %) of the 
cytochromes b, c 1 and aa 3 but a considerably smaller amount (<30 %) 
of the total protein (Table II-3). The resulting purification, 
measured as the specific heme content, was 3- to 4-fold for each 
cytochrome. The slow, spontaneous precipitation of cytochrome b, 
TABLE II-3 
PURIFICATION OF THE CYTOCHROMES FROM YEAST MITOCHONDRIA 
Details of the method of purification are given in the text. The values for cytochrome band cyto-
chrome oxidase are the sum of the spectrally pure cytochrome precipitates which were collected in this 
experiment. Following complete precipitation of these cytochromes, the cytochrome c 1 supernatant was 
dialysed against 0.1 M then 0.01 M Na Pi, pH 7.4, cleared by centrifugation at 40,000 xg for 15 min 
and concentrated by Amicon pressure filtration using a PM 10 membrane. The concentrate was again 
centrifuged before the spectrum was recorded. Cytochrome c oxidase activity was assayed as described 
in Experimental. 
Fraction Total Total heme Specific heme content Specific cytochrome protein heme b heme a heme c 1 heme b heme a heme c 1 c oxidase activity 
mg nmoles nmoles/mg protein nmoles cytochrome c 
reduced/min/mg prot. 
Submitochondrial 
particles 860 700 310 440* 0.8 0.4 0.5* 1. 2 
Solubilized cytochromes 225 640 280 320 2.8 1. 3 1. 4 
Cytochrome b precipitate 44 490 11. 2 0.04 
Cytochrome oxidase 
precipitate 25 200 8.1 30.6 
Cytochrome c 1 supernatant 57 130 2.3 
*These values are only approximate owing to spectral interference by cytochrome c. 
followed by cytochrome aa 3 , yielded very high recoveries and 
final heme purifications of 14- and 20- fold respectively 
compared to the parent membranes. 
b. Spectral analysis 
1 5 
Reduced cytochrome b exhibited a S and y bands at 562, 532 
and 430 nm in both difference (Fig. II-9) and absolute (Fig. 
II-lOA) spectra. At - 196°C the peaks shifted to 559, 529 and 
429 nm (Fig. II-10B). As expected, the pyridine hemochromogen 
spectrum of cytochrome b corresponded to the pyridine derivative 
of ferroprotophorphyrin IX (Fix. II-lOC). No contamination by 
the other cytochromes could be detected either at 20°C or -196 °C, 
or by application of the differential heme method [52]. Cyto-
chrome aa 3 exhibited a and y bands at 604 and 445 nm respective l y 
(Fig. II-9). The cytochrome c 1 which remained in the supernatant 
after precipitation of the other cytochromes was spectrally pure 
(Fig. II-9) but of low specific heme content (Table II-3). 
c. Enzymatic properties 
The purity of the cytochrome oxidase preparation can also be 
monitored by the specific cytochrome c oxidase activity. Th e 
activity, however, is markedly influenced by the composition of 
the assay system. Some of the observations relating to the 
various assay conditions have been summarized in Table II-4. 
Interestingly, cytochrome c oxidase activity was stimulated about 
2.5 - fold if the samples were suspended in 0.1 M Tris buffer but 
assayed in NaP. buffer (Table II-4, a vs g). With the purified 
1 
cytochrome oxidase preparation, the activity was even further 
enhanced by the addition of sonicated soybean P-lipid (Table 
II-4h). Where NaP . was used throughout, P-lipid alone stimulated 
1 
the activity about 3.5 - fold (Table II-4c). The activities were 
not appreciably affected by the presence of 0.5 - 1% Tween-80, 
l rnM EDTA, or by increasing the cytochrome c concentration to 
0.15%. 
Cytochrome c oxidase activity was labile in aqueous buffers 
at 0°c, especially at low protein concentrations. The activity 
decreased in the DOC extract with a half-time of about 50 hat 
0°C. This finding may be related to the reported inhibitory 
effects of bile salts on cytochrome c oxidase activity [42,62]. 
Fig. II-9 Room temperature difference spectra (dithionite reduced 
minus ferricyanide oxidized) of yeast SMP and purified 
cytochromes. The spectra were recorded in 0.1 M Tris-
HCl, pH 7.4, either at 2 mg protein/ml (SMP) or 0.13-
0.20 mg protein/ml (cytochromes). 
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Fig. II-10 Spectral characteristics of cytochrome b. A. Absolute 
reduced (dithionite) and oxidized (ferricyanide) spectra 
were measured in 0.1 M Tris-HCl, pH 7.4, at 0.15 mg 
protein/ml against the same concentration of bovine 
serum albumin. B. Low temperature (-196°C) reduced 
minus oxidized difference spectrum recorded at 0.06 mg 
protein/ml. C. The spectrum (absolute reduced) of the 
pyridine hemochromogen derivate of cytochrome b 
recorded against alkaline pyridine solution. 
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TABLE II-4 
THE EFFECT OF VARIOUS ASSAY CONDITIONS ON CYTOCHROME c OXIDASE ACTIVITY 
Cytochrome oxidase was purified from the DOC extract by the slow precipitation method described in 
Experimental. Mitochondria, SMP and the purified enzyme were suspended in 0.1 M NaPi or 0.1 M Tris-HCl, 
both pH 7.4, and supplemented with P-lipid or Tween-80 as indicated. The reaction mixture contained, 
besides cytochrome c and the sample, either 0.04 M NaP. or 0.04 M Tris-HCl, both pH 7.4, and the indicated 
additions. Other assay conditions were those descriqed 1 in Experimental. 
Sample Reaction mixture Cytochrome c oxidase acti~ity 
Relative rates ( % ) 
-
Buffer Additions Buffer Additions Mito- SMP Cytochrome 
chondria oxidase 
a 0.1 M NaP. none 0.04 M NaP. none 100 100 100 1 1 
b " Tween-80 " none 100 100 100 (up to 1%) 
C II P-lipid II none 100 100 360 
(up to 8 mg/ml) 
d " none 0.04 M Tris-HCl none -* -* 35 
e 0.1 M Tris-HCl none " none -* 50 40 
f " none " 0.04 M NaP. 1 -* -* 220 
g " none 0.04 M NaP. 1 none 225 255 240 
h II P-lipid II none 225 255 360 
(up to 8 mg/ml) 
i II none II 1 mM KCN 0 0 0 
* not determined 
16 
Using the method of slow cytochrome precipitation from the 
DOC extract described here cytochrome c oxidase activity incre ased 
25 -fold during the purification of cytochrome aa 3 whereas cyto-
chrome b contained almost no activity (Table II-3). Neither 
preparation contained any measurable ATPase nor NADH- or succin~~e-
cytochrome c reductase activities. 
d. Analytical ultracentrifugation 
Both cytochrome band cytochrome oxidase sedimented as a 
single major peak on analytical ultracentrifugation (Fig. II-llA, 
B) indicating that a single protein complex may be present. The 
S 20 values calculated from such runs were only 0.77 and 0.97 for 
cytochrome band cytochrome oxidase respectively, presumably 
because of the bound P-lipid and DOC (see Table II-5). These 
values are not considered useful for molecular weight calculations. 
e. Sodium dodecyl sulphate gel electrophoresis 
Dissociation and electrophoresis of cytochrome bin the 
presence of SDS revealed seven distinct bands (Fig. II-12) two 
of which (V and VI) were incompletely separated. Molecular 
-
weights of the bands, obtained by calibrating the gels with 
standard proteins were: I, 42,000; II, 33,000; III, 27,500; 
IV, 23,000; V, 15,500; VI, 13,000; VII, 10,500. Cytochrome 
oxidase exhibited five bands (Fig. II-12) with the following 
molecular weights: I, 42,000; II, 26,500; III, 21,500; IV, 
14,000; V, 10,500. 
II-3.5 Cytochrome aggregation by direct pH adjustment 
The pH of the DOC extract drops spontaneously from 7.0 to 
6.7-6.8 during the overnight storage at 0°c. This is an important 
factor in the isolation of the cytochromes, since it leads to a 
precipitation of DOC (and thus to a decrease of the detergent 
concentration) due to the shift in pH towards the pKa of DOC 
(6.6). After realizing the importance of the small pH changes, 
attempts were made to adjust the pH of the DOC extract directly 
rather than allowing the slow, spontaneous process to take place. 
The main objective was obviously to speed up the aggregation of 
the cytochromes since prolonged contact of the cytochromes with 
the DOC extract led to a significant loss in heme absorption, 
some inactivation of cytochrome c oxidase activity, and also 
Fig. II-11 Analytical ultracentrifugation of cytochrome band cytochrome oxidase. The 
c y tochromes were p repared as described in Experimental, then centrifuged at 
100,000 xg for 60 min to remov e any aggregated material and adjusted to 4 mg 
protein/ ml in 0.1 M Tris-HCl, pH 7.4. Sedimentation analysis was performed at 
22°C and at 60,000 rpm using the single sector cell of a Beckman model E 
analytical ultracentrifuge. Photographs were taken at 196, 260, 324 and 452 
min (cytochrome b (A)) or at 13, 30, 94 and 313 min (cytochrome oxidase (B)) 
after reaching maximum speed. The direction of sedimentation is from right 
to left. 
<( 
Fig. II-12 Sodium dodecyl sulphate gel electrophoresis of cyto-
chrome band cytochrome oxidase. Samples were depoly-
merized in 1% SDS and 1% dithiothreitol and electro-
phoresed on 10% polyacrylamide gels as described in 
Experimental. The molecular weights of the bands are 
given in the section II-3.4e. The arrow denotes the 
origin or the dye front. 
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favours the formation of a cytochrome b precipitate which could 
not be resolubilized in aqueous buffers. 
17 
Direct adjustment of the pH to 6.8 was done either be fore 
addition of DOC to the pellet obtained after extraction wi th 0 . 1 5 
mg DOC/mg protein, or after DOC addition and subsequent centr i-
fugation. In either case, the precipitation of cytochrome b fro 
the DOC extract began almost immediately and was frequentl y 
complete within a few h. Cytochrome oxidase also aggregate d 
more rapidly however, with the result that extensive cross-
contamination occurred. Only a small amount of cytochrome b could 
be obtained in a spectrally pure form; this was readily solubi l -
ized however and was similar to the ''normal" cytochrome b p rep-
aration in respect to the SOS gel pattern and specific heme 
content. These findings strengthen the view that a slow p recipi-
tation process is necessary for proper separation and good 
recovery of the cytochromes. 
II-3.6 Insoluble cytochrome b 
Whereas purified cytochrome oxidase was readily solub i l ized 
in aqueous buffer, cytochrome b was only partly so. Some sedi-
mentation of the resuspended cytochrome occurred at 1,000 xg for 
5 min and more at 100,000 xg for 60 min. Experience has s hown 
that the proportion of insoluble cytochrome b increased with the 
time allowed for aggregation in the DOC extract. Frequent r emoval 
of the precipitated cytochrome followed by resuspension in 1 0 mM 
Tris-HCl, pH 7.4, yielded preparations where sometimes only 20 - 30~ 
could be sedimented at 100,000 xg for 1 h. 
The fraction which sedimented at 1,000 xg (termed here 
insoluble cytochrome b) was identical to the more soluble f orm in 
terms of the SOS gel electrophoresis pattern and specific heme 
content. Notably, however, only 2-5% (w/w) P-lipid was present 
compared with 13-36 % in the soluble form and 18-30 % in cytochrome 
oxidase (Table II-5). Likewise, estimation of bound [ 14c] DOC 
carried out by estimating radioactivity after careful washing o f 
the cytochrome, and in the case of the soluble form also by equ i l i-
brium analysis [63) using a Sephadex G-200 column containing 0. 1 
M Tris-HCl, pH 7.4 and 5 rnM [14c] DOC) indicated that the soluble 
form of cytochrome b binds approximately 0.4 mg detergent/mg 
Protein whereas less than 0.1 mg detergent/mg protein was assoc -
iate d with the insoluble form. In the light of this, it seems 
TABLE II-5 
PHOSPHOLIPID AND DOC CONTENT OF THE CYTOCHROME b AND CYTOCHROME OXIDASE PREPARATIONS 
The cytochromes were prepared by the usual method of spontaneous precipitation from the DOC 
extract, except that [ 1 4 C]DOC (specific activity 140,000 cpm/mg DOC} was present. The 
precipitated cytochromes were quickly washed with 0.25 M sorbitol and 10 mM Tris-HCl, pH 7.4, 
before resolubilization in the same buffer. 1 The insoluble fraction of cytochrome b was then 
obtained by centrifugation at 1,000 xg for 5 min. Phospholipid was analyzed as described in 
Experimental and radioactivity ([ 14 C]DOC} was measured in toluene-Triton X-100 (2:1) 
scintillation mixture using a Beckman LS-250 liquid scintillation spectrometer. 
Sample Phospholipid (%, W/w} DOC (mg/mg protein} 
range average* range avera9:e* 
Soluble cytochrome b 13 - 36 23 0.4 - 1.0 0.7 
Insoluble cytochrome b 2 - 5 3 0.02-0.08 0.05 
Cytochrome oxidase 18 - 30 22 1.2 - 2.1 1. 4 
* the average values represent 6 separate measurements. 
likely that the insolubility may result from interactions 
between hydrophobic polypeptide regions which otherwise might 
be occupied by lipid or detergent amphiphiles [23,63]. 
II-3.7 The formation of insoluble cytochrome b; attempts at 
resolub1l1zat1on 
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As already pointed out, much of the cytochrome b which 
precipitated from the DOC extract could be resolubilized in 
aqueous buffers . The solubilized cytochrome, however, slowly 
precipitated during weeks of storage at - 15°C in a form which 
could not be resolubilized. This change was much faster at -
15°C than at 0°C and was favoured by high protein concentrations. 
Aggregation was preceded by precipitation of white material which 
was shown to be DOC by the use of [14c]labelled detergent. The 
precipitated cytochrome b had all of the characteristics already 
described for the insoluble form, including a similar subuni t 
pattern and low content of P-lipid and bound DOC. 
Soluble cytochrome b was readily precipitable with 20 % ( H4 ) 2 
S0 4 but was easily resolubilized in aqueous buffers. Where 
precipitation with (NH 4 ) 2 S0 4 was carried out in the presence of 
2% chelate nowever, the precipitate could not be resolubilized in 
aqueous buffers (even in the presence of bile salts) and sedi-
mented at 1000 xg within 5 min . Basically similar findings wer e 
made with cytochrome oxidase and the oligomycin-sensitive ATPas e 
from yeast (cytochrome oxidase required overnight incubation in 
the presence of 2% chelate and repeated precipitation with 
(NH4} 2 S0 4 before it could not be resolubilized). This change t o 
an insoluble form may therefore be a general property of such 
hydrophobic lipoprotein complexes, and it should be considered 
when attempting to prepare such complexes in a soluble form. 
Dialysis of soluble cytochrome b against distilled water 
quantitatively precipitated the cytochrome in a form that could 
not be resolubilized in aqueous buffers. Dialysis against 10 mM 
NaPi, pH 7.4, did not cause precipitation however. The most likely 
explanation of this is that aggregation of DOC is more pronounced 
in the former condition (unbuffered H2 0 had pH near 6) and the 
aggregates of detergent are no longer available for binding to 
the protein. 
The extensive efforts which were made to resolubilize the 
insoluble form of cytochrome b have been summarized in Table II-6. 
Most of the treatments were without effect while a few of he 
TABLE II-6 
ATTEMPTS TO RESOLUBILIZE THE I NSOLUBLE FORM OF CYTOCHROME b 
Method or agent employed 
0.01-0.1 M NaPi or Tris-HCl, pH 7-8 
Equilibrium dialysis 
DOC (1%) or cholate (2 %) ± lM KCl; 
Triton X-100 (1%), Tween-80 (1 %) 
or SM urea; 
EDTA (5mM) or dithiothreitol (1 %) 
Oxidation-reduction 
Incubation in the presence of P-lipid 
followed by brief sonication 
Incubation with P-lipid and 2% cholate 
followed by overnight dialysis 
according to Kagawa and Racker [64] 
Methanol and chloroform-methanol 
extraction according to Tzagoloff 
and Akai [65] 
NaOH (0.1-0.8 M) 
Phenol-acetic acid-urea treatment 
according to Takayama et al. [67] 
SDS or CTAB 
Protease treatment according to 
· ohnishi [31] using bacterial 
protease Subtilisin (Sigma) 
Effect 
no 
solubilization 
., 1 
" 
II 
" 
" 
complete 
solubilization 
complete 
solubilization 
complete 
solubilization 
up to 70 % 
solubilization 
(at 10 mg 
cytochrome b/ml) 
Remarks 
included repeated washing of pellet with buffer 
stepwise dialysis against increasing 
concentration of KCl in 10 mM Tris-HCl, pH 7.4 
incubation at 0°C for several h. 
ferricyanide, dithionite; equilibration with 
oxygen or nitrogen 
P-lipid: neutral chloroform-methanol 
fraction extracted from yeast .mitochondria 
Soybean P-lipids (protein/P-lipid 1:5); dialysis 
in 10 mM Tricine, pH 8 .·o, 0. 2 mM EDTA and 1 mM 
dithiothreitol 
forms even more insoluble aggregates (i.e. slower 
clarification in 0.5 M NaOH or 1 % SDS at room 
temperature) 
spectral shift of a - band to 558 nm (cytochrome 
a~ 3 a - band shifted to 595 nm; see also Takemori 
and King [ 66] ) 
disappearance of heme absorption 
...... 
solubilization starts at about 3 µmol SDS/mg 
protein; accompanied by disappearance of heme 
absorption 
Solubilization depends on protein concentration. 
Particulate c y tochrome forms again on precipi-
tation by (NH4) 2S04 (insoluble in the presence 
of 0.5 % Tween-BO or 2% cholate) 
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caused complete solubilization. None of the latter treatments 
were useful for purification however, since they caused e i ther 
a spectral shift or a complete loss of the heme absorption. In 
one case (protease treatment) further investigation was made 
difficult by the irreversible precipitation of the solubilized 
cytochrome in the presence of (NH 4 ) 2S0 4 • 
II-3.8 Effects of SDS on heme absorption of cytochromes 
Strong ionic detergents such as SDS and CTAB caused a 
complete loss of the heme absorption of insoluble cytochrome b 
(Table II-6), even at a very low detergent concentration, thus 
precluding their use in the purification of this cytochrome. 
Since SDS has been used previously in the purification of beef 
heart cytochrome b [30), the effects of SDS on the heme absorp-
tion of the yeast mitochondrial cytochromes has been studied in 
more detail. The results are shown in Table II-7. The adsorp -
tion of cytochromes band c 1 was labile while that of cytochrome 
aa 3 was rather stable. The heme absorption of authentic cyto-
chrome c was lost within 15 minutes at 20°C while cytochrome c, 
present in mitochondria, SMP and the first DOC extract, was 
stable at similar SDS concentrations. This finding points to 
the importance of the suspending medium in determining the SDS 
effects. Such effects apparently occur through binding of the 
detergent to the polypeptide chain followed by denaturation of 
the protein [68). This would explain why protohemin IX itself 
was stable in the presence of SDS while hemoglobin and cytochrome 
b (which both contain protohemin as the prosthetic group) were 
not. 
Deoxycholate (1%), cholate (2%), Triton X-100 (1%) or urea 
(8 M)did not affect the heme absorption of soluble cytochrome b 
within five to ten min at 20°C. However, long-term effects may 
take place (see the next section). 
II-3.9 Stability of cytochromes 
The specific heme contents of cytochromes band c1 decayed 
in the DOC extract with half-times of 5 and 8 days respectively, 
while cytochrome aa 3 was stable. In practice, the loss of heme 
b absorption was not significant since the cytochrome was largely 
removed from the DOC extract within 24 h. In aqueous buffers, 
the specific heme contents of soluble cytochrome band cytochrome 
TABLE II-7 
THE EFFECT OF SOS ON THE HEME ABSORPTION OF THE YEAST MITOCHONDRIAL CYTOCHROMES 
Sample 
Mitochondria 
SMP 
1st DOC extract 
(0.15 mg DOC/mg protein) 
2nd DOC extract 
(0.5 mg DOC/mg protein) 
Cytochrome c 
(equine heart) 
Cytochrome b 
(insoluble form) 
Cytochrome b 
(soluble form) 
Hemoglobin 
(bovine blood) 
h . C Proto emin IX 
SOS concentrationa 
µmol/mg protein 
2 
2 
2-5 
3 
5 
3-10 
0.5-2 
10 
2-5 mM sos 
Observed effectb 
hemes a and c were stable; hemes band c 1disappeared 
gradually (after about 15 min the cytochrome c a -band 
at 550 nm was the only major component left in this 
wavelength region) 
heme c was stable (the other cytochromes are essentially 
absent from this extract) 
similar to mitochondria and SMP (cytochrome c is 
absent from this extract however) 
heme absorption was unstable (completely abolished 
within 15 min) 
heme absorption disappeared immediately at 10 µmol SOS/mg 
protein but only gradually (within 15-30 min) at 3µ mol 
SOS/mg protein 
heme absorption disappeared immediately at 2 µmol SOS/mg 
protein and within 15-30 min at 0.5 µmol SOS/mg protein 
absorption maximum at 560 nm (with a shoulder at 590 nm) 
shifted to 590 nm 
stable 
a Absolute concentrations of SOS varied between 0.01-0.1% (0.3-3 mM). 
bReduced minus oxidized difference spectra at room temperature were recorded and followed at 20°C 
for 5 min unless otherwise stated. 
cObtained from Eastman; dissolved in dilute NH 40H before reduction (absorption maximum around 578 nm). 
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aa 3 decreased during weeks of storage at 0°C, whereas the heme 
absorption of insoluble cytochrome b was essentially unchanged 
even after six weeks at 0°C. At -15°C, the absorption of all 
these forms remained stable. However, the formation of insolubl e 
cytochrome b was more rapid at this temperature, as discussed in 
section II-3.7. 
II-3.10 Attempts to further purify cytochrome b 
Gel filtration of soluble cytochrome b on Sepharose 4B, 
either in the presence or absence of 2% chelate and 1 M KCl, 
showed a symmetrical although broad peak of heme b absorption 
emerging at the void volume (Fig. II-13). Even a homogeneous 
protein such as hemoglobin spread to some extent in the column 
(Fig. II-13). Where cytochrome b alone was chromatographed, the 
elution of protein was coincident with that of heme b suggesting 
that all of the protein was associated with the cytochrome b 
complex. Besides, the SDS gel electrophoresis pattern of the 
pooled maximum (sample eluted in chelate+ KCl) was similar to 
that of the original sample. Sedimentation of soluble cytochrome 
bin a glycerol density gradient revealed a symmetrical heme b 
peak where 2% chelate (with or without lM KCl) was included in 
the gradient (Fig. II-14 A,B). Where chelate was omitted from 
the gradient (or in the presence of 0.4 or 0.8% chelate) the 
sample spread along the gradient. High speed centrifugation of 
the cytochrome b sample prior to gradient centrifugation did not 
appreciably affect the spreading. The finding that the portion 
of cytochrome b which reached the bottom of the tube in some 
gradient centrifugations was insoluble in aqueous buffers, had 
the same SDS gel electrophoresis pattern as the original sample, 
and had a very low [14c] DOC content, supports the notion that 
the spreading results from a gradual formation of insoluble 
cytochrome b during the sedimentation run (particulate cytochrome 
b sedimented quantitatively during a 5 h centrifugation under 
similar conditions). Again, heme band protein were coincident, 
and the SDS gel pattern as well as the specific heme content of 
the pooled maximum were similar to those of the original sample. 
Polyacrylamide gel electrophoresis under non-dissociating 
conditions showed that soluble cytochrome b (and cytochrome 
oxidase) formed a sharp band at the interphase between the 
running and the spacer gels in 7 and 5 % polyacrylamide gels, 
Fig. II-13 Gel filtration of cytochrome b on Sepharose 4B. Soluble cytochrome bin 0.1 M Tris-
HCl, pH 7.4, at 1 mg/ml, was incubated for 40 h in the presence or absence of 2 % 
cholate and 1 M KCl at 0°C. Samples (0.5 ml) were applied on separate columns of 
Sepharose 4B (0.7 x 18 cm) equilibrated with 0.1 M Tris-HCl, pH 7.4, either in the 
presence or absence of 2% cholate and 1 M KCl, and eluted with the corresponding 
buffer solution. After the elution of cytochrome b a sample of hemoglobin (0.5 mg in 
0.5 ml) was run in the column where cholate was absent to check the spreading of this 
protein in the column. Cytochrome b was located spectrophotometrically at 415 nm, 
and the elution position of hemoglobin peak was measured at 560 nm after reduction 
with dithionite. The void volume of the columns was 3.6 ml as estimated from the 
leading edge of Blue dextran elution profile. o o, cytochrome bin the absence 
of cholate and KCl; • •, cytochrome bin the presence of 2 % cholate and 1 M KCl; 
~---- ~ , hemoglobin. 
lN
lgQ
1£>0W
3H) w
u
o9~ lv' 3)N
\fg~osgv 
'-.:t 
0 0 I I 
co 
0 0 
("') 
0 0 I I 
,0
 
0 0 
N
 
0 0 I I 
'-.:t 
0 0 
0 0 I I N 0 0 
-
N
 
.
.
-
-
N
 
lq 3W
O
~H)O
lA)) w
u
~
 Lr 1 v 
3)N
vg~osgv 
Fig. II-14 Glycerol density gradient centrifugation of cyto-
chrome b. Soluble cytochrome b samples (1 mg in 1 ml 
of 0.1 M Tris-HCl, pH 7.4) were incubated for 24 h 
at 0°C in the presence of 2% cholate, with or without 
1 M KCl (as indicated below). They were then centri-
fuged either on 10-40% (A) or 5-20% (B) linear 
glycerol gradients which cotained 0.1 M Tris-HCl, pH 
7.4, and the other additions indicated below. Centri-
fugation was performed in a Beckman SW-27 rotor at 
20,000 rpm for 10 h (A) or 15 h (B). The bottoms of 
the tubes were then punctured and approximately 1 ml 
fractions were collected. Cytochrome b was measured 
spectrophotornetrically at 430 nm after dithionite 
reduction (A) or directly at 415 nm (B). The gradient 
increased in density from right to left. 
A: o o, no chol~te or KCl; • •, 2% cholate 
and 1 M KCl. 
B:A A, 2% cholate, no KCl; o o, 2 % cholate 
and 1 M KCl. Where both cholate and KCl were omitted 
from the gradie nt, the sample s p r e ad as shown in A, 
and no distinct pe ak was obs e rve d. 
0 .3 A 
E 
• C 
0 
M 
'<t 
I-
< 0 .2 
UJ 
u 
t z < 
a::i / 0 °' 0 
IJ) 
~o a::i 
< 
0 .1 / 0 
0/ 0 
0/ 
// 
o-o-0---o 
...-
0/ 
t 
0 .2 i-
E B C 
") 
'<t 
I- .. 
< 
UJ 
u 
z 
< 0 .1 i-a::i 
°' 0 
IJ) 
a::i 
< 
-
"-K'o 
/ D " 
" I "' D 
/ D t:,"' / I ·~: 
" I 
/ D 
~" / !I....- D 
"- "/ fl / 
I A/ - ~ D _..... I I I 
5 10 15 20 
GRADIENT VOLUME (ml) 
21 
whereas in 3.5% polyacrylamide gels the protein moved as a sharp 
band with the Bromphenol blue dye front. This suggests that the 
present preparations of soluble cytochrome band cytochrome 
oxidase are rather large complexes which are probably highly 
charged at the electrophoresis pH of 9.5. Since only one protein 
band was observed in these gels, the method was not considered 
useful as a purification technique. 
The results so far presented in this section strongly suggest 
that cytochrome b consists of only a single protein complex which 
is capable of aggregation. Further purification would therefore 
depend on a successful dissociation of the complex to smaller 
components. In this respect, strong ionic detergents are not 
useful since they abolish the heme b absorption (Table II-7). 
Soluble cytochrome b was incubated in the presence of 2% 
chelate, 1% DOC, 1% Triton X-100 or 8 M urea, then the dissociating 
effect of these treatments was judged by non-dissociating poly-
acrylamide gel electrophoresis on 7 and 3.5% gels. The gels 
contained the same concentration of detergent or urea used to 
treat the sample. The staining patterns were similar to that of 
the untreated reference sample, showing that no dissociation had 
occurred. Samples pretreated with 2% chelate did, however, con-
sistently show a second minor band ( <5% of the protein as judged 
by staining intensity). Increasing the incubation time in the 
presence of 2% chelate had no appreciable effect on the intensity 
of this band. The eluted and lyophilized band moved on SOS gels 
as a high molecular weight protein which did not correspond to 
any band in the normal cytochrome b sample. 
II-3.11 The cytochrome c1 supernatant 
During the 5-7 days required to completely precipitate 
cytochrome aa 3 from the DOC extract a large portion of heme c1 
was lost (section II-3.9) and the y -band of cytochrome c1 
absorption spectrum shifted from 418 nm to 423-425 nm (Fig. II-9). 
The remaining heme c 1 absorption was partially lost during sub-
sequent dialysis of the final supernatant. Further purification 
efforts, which included an attempt to precipitate cytochrome c 1 
as a chelate complex according to Bornstein et al. [36), were 
unsuccessful: 
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II-3.12 Salt precipitation of cytochrome oxidase 
After removal of cytochrome b from the DOC extract (Fig. 
II-15a), cytochrome oxidase could be precipitated between 20 % 
and 30% (NH4) 2 S0 4 saturation in the presence of 1% chelate. The 
pellet, however, showed some contamination by cytochrome c 1 
(Fig. II-15b) which could not be removed by repeated reprecipi-
tation with 33% (NH 4 ) 2 S0 4 • Overnight incubation of the resus-
pended pellet at 3°C in the presence of 2% chelate, followed by 
(NH 4 ) 2 S0 4 precipitation, still revealed contamination by cyto-
chrome c1 (Fig. II-15c). The specific heme a content of the 
preparation (8.3 nmoles/mg protein) was similar to that obtained 
by spontaneous precipitation however, but now the preparation 
was insoluble in aqueous buffers. 
Fig. II-15 Spectral analysis of cytochrome oxidase prepared from 
the DOC extract by ammonium sulphate precipitation. The 
cytochromes were extracted from SMP by DOC and cyto-
J chrome b was removed by the slow precipitation method 
described in Experimental. After complete removal of 
cytochrome b cytochrome oxidase was precipitated 
between 20 and 30% (NH 4 ) 2so4 saturation in the presence 
of 1% cholate. The pellet was suspended in 0.1 M Tris-
HCl, pH 7.4, in the volume of the original DOC extract, 
then reprecipitated twice at 33% (NH 4 ) 2 so 4 saturation. 
The pellet was resuspended in the same Tris buffer and 
incubated for 15 hat 3° C in the presence of 2% cholate, 
then precipitated at 33% (NH 4 ) 2so 4 saturation. Spectral 
analysis was performed by recording the reduced minus 
oxidized spectra at room temperature. 
a. The original DOC extract after the removal of cyto-
chrome b. 
b. The pellet obtained from the extract in a between 
20 and 30% (NH 4 ) 2so 4 saturation. 
c. The final cytochrome oxidase pellet obtained after 
cholate incubation and reprecipitation with (NH 4) 2S0 4, 
The spectrum was recorded at the protein concentration 
of 0.20 mg protein/ml. 
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II-4 DISCUSSION 
The present procedure for the isolation of cytochrome band 
cytochrome oxidase from yeast mitochondria consists of only two 
principal steps, a solubilization from SMP using DOC - KCl, 
followed by a slow, sequential precipitation of first cytochrome 
b then cytochrome oxidase. Whilst the first step employs a widely 
used procedure for solubilizing membrane proteins [18], namely 
treatment with a bile detergent under conditions where ionic inter-
actions in the membrane are lessened by high salt concentrations, 
the second step is more unusual and deserves some comment. The 
initial spontaneous drop in pH of the DOC extract is important 
(Scheme II-2) since it initiates the precipitation of deoxycholic 
acid, apparently because of the pH shift towards the pKa of 6.6 and 
because of the low temperature ' and high counterion concentrations. 
Each of these conditions is known to favour the aggregation of 
DOC molecules [69], and indeed deoxycholic acid itself is only 
sparingly soluble in aqueous solutions (0.24 mg/ml in water at 
20°C). In the DOC extract, the formation of detergent agg regates 
is a slow process which continues throughout the period of 
cytochrome _precipitation. Ultimately at least 95% of DOC is 
removed as judged by the distribution of [ 14 c] DOC. 
The sequential aggregation of cytochrome band cytochrome 
oxidase suggest that the aggregation takes place below a 
characteristic threshold concentration of DOC and that this is 
lower for cytochrome oxidase than for cytochrome b (note however, 
that a decrease in the detergent concentration alone does not 
cause sequential aggregation unless the pH is around 6.8 (see 
section II-3.3b)). This is the principle of differential 
precipitation [18] which has been seldom utilized so far for 
cytochrome purification. The isolation of cytochrome c1 by 
slowly freezing a cytochrome c 1 supernatant in the presence of 
chelate at pH 7 [36] might be one example of such a technique. 
In this case, a successful purification was also critically 
dependent on experimental conditions. This is further demon-
strated by the failure to purify the present cytochrome c 1 
preparation by application of such a method. 
A number of cytochrome b preparations have been described 
(Table II-BA), including a spectrally pure cytochrome b complex 
from yeast mitochondria which was not further characterized. 
A general feature of these preparations is a wide variation in 
~ e spe cific heme content. This is no doubt reflected i n t he 
SCHEME II-2 
THE PRECIPITATION OF CYTOCHROME b AND CYTOCHROME OXIDASE FROM 
THE DOC EXTRACT 
DOC EXTRACT (10 mM Tris-HCl, pH 7.0) 
(cytochromes b, c1, aa3) 
15 hat 0°C 
pH drops to 6.7-6.8 
DEOXYCHOLIC ACID PRECIPITATES (pKa 6.6) 
(assisted by low temperature and lM KCl) 
days 1-2 
CYTOCHROME b PRECIPITATES 
days 3-7 
CYTOCHROME OXIDASE PRECIPITATES 
TABLE II-8 
THE RECOVERIES AND SPECIFIC HEME CONTENTS OF MITOCHONDRIAL CYTOCHROME b AND CYTOCHROME OXIDASE 
PREPARATIONS FROM VARIOUS SOURCES, INCLUDING THE PRESENT ONES FROM YEAST 
Purification procedure 
A. Cytochrome b: 
Feldman and Wainio [29] 
Goldberger et al. [30] 
Ohnishi [31_]_ 
Yamashita and Racker [32] 
Tzagoloff [19] 
Weiss [33] 
Weiss and Ziganke [34] 
This work 
B. Cytochrome oxidase: 
Sekuzu et al. . [ 38] 
Duncan and~ackler [39] 
Tzagoloff [19] 
Starting material 
particulate fraction from cell 
free beef heart homogenate 
beef mitochondria 
particulate fraction from cell 
free beef heart homogenate 
beef mitochondria 
yeast SMP 
Neurospora SMP 
Neurospora SMP 
yeast SMP 
yeast SMP 
yeast SMP 
yeast SMP 
Shakespeare and Mahler [39] yeast mitochondria 
Mason et al. [25] yeast SMP 
Rubin andrfzagoloff [26] yeast SMP 
Mahler et al. [ 41] yeast SMP 
This work - yeast SMP 
*data not reported 
Recovery ( % ) 
Protein 
0.05 
-* 
0.1 
-* 
0.4 
0.3 
-* 
5.1 
-* 
-* 
1.9 
>0.5 
0.2 
0.16 
-* 
2.9 
Heme 
-* 
30 
3.7 
-* 
-* 
4.2 
0.6 
70 
-* 
-* 
-* 
-* 
7.2 
-* 
-* 
65 
Specific heme content 
nmoles/mg protein 
6.3 
36.1 
41. 3 
12.8 
10 
16 
40 
11.2 
8 
5.4 
7.6 
7.2 
9.9 
15.6 
>8,10.3,13.7 
8.1 
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subunit composition, although the SDS gel pattern has been 
reported only for the Neurospora protein [33,34]. The high yield 
of cytochrome b obtained in the present study stands out clearly 
among these methods (Table II-8A). Cytochrome b preparations are 
often insoluble [19,32], or are initially so but are partly 
resolubilized by enzymatic digestion [29,31]. Even where the 
purified preparations are optically clear in the presence of 
detergents, analytical ultracentrifugation has indicated the 
presence of large aggregates with apparent molecular weights of 
several millions [30,70]. The present cytochrome b preparation 
could also exist in a highly aggregated, insoluble form (sections 
II-3.6 and II-3.7). This form, which normally accounted for only 
a small proportion of the total preparation, could not be 
resolubilized even by attempting to reincorporate P-lipid and 
detergent back into the protein aggregates (Table II-6). Only 
NaOH, acidic phenol-urea, SDS, CTAB and bacterial protease have 
been found to be effective solubilizing agents (Table II- 6). 
The finding made here that the insoluble form of cytochrome b 
contains much less P-lipid and bound detergent may provide a 
reason for the differences in solubility of the cytochrome b 
preparations listed in Table II-8A. 
In general, procedures for the purification of cytochrome b 
are rather complex. A general observation from many studies, 
however, is that cytochromes band c 1 are tightly associated 
after solubilization and often require vigorous conditions for 
their separation [29,30,32]. This difficulty has not been 
encountered with the present method since cytochromes band c 1 
are separated in the DOC extract before or during the spontaneous 
aggregation of cytochrome b. 
The isolated cytochrome b showed seven non-identical sub-
units on SDS gels (Fig. II-12). For the following reasons these 
polypeptides are considered to be physically associated in situ: 
(1) Carboxymethylation of the reduced polypeptides prior to SDS 
gel electrophoresis did not alter the staining pattern, suggesting 
that higher molecular weight bands were not formed by disulfide 
bonding, (2) none of the bands are likely to be due to auto-
oxidation, since identical staining patterns on SDS gels were 
observed wher·e precipitation of the cytochrome was carried out 
under air or nitrogen, (3) proteolytic modification of the sub-
units during the long precipitation times seems unlikely since 
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the small a.mount of spectrally pure cytochrome b which could be 
isolated immediately (by directly adjusting the pH of the DOC 
extract) had an identical SDS gel pattern to the normal prepara-
tio~ (4) the subunits of the complex were tightly associated and 
could not be separated by 1 % DOC, 2% chelate, 1% Triton X- 1 00 
or 8 M urea. 
The problem of a modification of the subunit structure 
during the long precipitation times cannot be completely ignored 
in the case of cytochrome oxidase. The relatively low amounts 
of subunits I, II and III (Fig. II-12) compared with the two 
other yeast preparations recently reported in the literature 
[25,26] could reflect a problem of this kind. 
A large number of cytochrome oxidase preparations from 
different organisms have been described (for a list of references, 
see refs 26, 42 and 43 and Table II-SB). The preparations from 
yeast generally have a specific heme content of 7-10 nmoles/mg 
protein and show 3-7 bands on SDS gels with molecular weights 
between 46,000 and 7,500 (Table II-9) (only the last five 
preparations ~n Table II- 8B have been characterized to this 
extent). Similarly, Neurospora cytochrome oxidase consists of 
seven non-identical subunits of molecular weights between 41,000 
and 10,000 (Table II- 9). The present cytochrome oxidase 
preparation can be reconciled with the two recently reported 
yeast preparations l25,26], and with the Neurospora protein [45], 
if the two prominent bands of molecular weight 14,000 and 10,500 
each contain a pair of closely migrating species. 
All preparations of cytochrome oxidase which have been 
studied by SDS gel electrophoresis show two to four closely 
migrating bands of molecular weights less than 16,000 (refs 71-
75 and Table II-9). However, the three larger polypeptides 
with molecular weights around 40,000, 30,000 and 20,000 are 
sometimes completely absent, or one or two of them are missing 
[41,71-75]. Where different cytochrome oxidase preparations 
were compared in the one laboratory, those with the highest 
specific heme content contained fewer higher molecular weight 
bands than preparations with lower specific heme content (41,73], 
All of this suggests that heme a may be associated with the low 
molecular weight bands. A similar conclusion has been reached 
by Schatz et al. [76] although Tzagoloff's group have recently 
claimed that heme a may be bound exclusively to the 40,000 
TABLE II-9 
SUBUNIT MOLECULAR WEIGHTS OF SOME YEAST AND NEUROSPORA CYTOCHROME OXIDASE PREPARATIONS 
Shakespeare and 
Mahler [ 40 ]b 
46 
23 
14 
7.5 
Mason 
et al. [25] 
42 
34.5 
23 
14 
12.5c 
9.5 
Yeast 
Subunit molecular 
Rubin and 
Tzagoloff[26] 
40 
27.3 
25 
13.8 
13.0 
10.3 
9.5 
weights according to 
Mahler Mahler 
et al. [4l]b et al. [4l]d 
27 
21. 5 
14.0 
12.4 
11. 7 
10.5 
29e 
15.5 
11.8 
10.1 
a Estimated by SDS gel electrophoresis on 10% polyacrylamide gels. 
b 7.5% polyacrylamide gels. 
c Two subunits with identical molecular weights. 
d 15% polyacrylamide gels. 
This 
work 
42 
26.5 
21.5 
14 
10.5 
Neurospora 
Sebald 
et al. [ 45] 
41 
28.5 
21 
16 
14 
11. 5 
10.0 
e The subunit exists in low amounts in the preparation of 10.3 nmoles heme a/mg protein but 
is absent from the preparation of 13.7 nmoles heme a/mg protein. 
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molecular weight subunit [48]. 
The cytochrome oxidase preparations with fewer high 
molecular weight subunits also had higher cytochrome c oxi d a s e 
activity [41,73], indicating that the three high molecular 
weight bands may not be necessary for enzymatic activity. The 
extensive studies of Schatz and co-workers on yeast cytochrome 
oxidase [25,44,77-81] suggests, however, that each of the seven 
subunits of the yeast enzyme may be integral part of the total 
cytochrome molecule, although some subunits may have other than 
a catalytic role in the function of the complex. 
It is generally accepted that cytochrome b exists as at 
least two chemically distinct species [82]. These can be 
recognized spectrophotometrically and are thus designated 
according to their a-band maxima. Yeast (Candida utilis) 
mitochondria may contain three such species [83]. It is unclear 
whether they represent different molecular structure;or differen t 
conformations or environments of the same protein [82]. The 
presence of multiple cytochrome b species in yeast mitochondria 
is of considerable importance in the present work as they may be 
present in ±he isolated cytochrome b, especially since the 
recovery of cytochrome bis so high (Table II- BA). Cytochrome b 
purified by the present method, however, showed only one symme-
trical band at 559 nm in the a -region when analysed by low 
temperature spectroscopy (Fig. II-lOB). The oxidized form was 
not reducible with succinate (which is usually used for the 
spectral resolution of the different forms) but this may only 
reflect the possible absence of succinate dehydrogenase. In any 
event, the b-559 component appear to constitute a major part of 
the absorbance of the cytochrome b species in the a -region [82], 
and recent findings show that bile acids and chaotropic ions 
(including cl-) cause a disappearance of the other species and 
a gradual shift of absorbance to 559 nm [84]. 
Other heme-containing proteins which absorb in the cytochrome 
b-c 1 a -band region, such as cytochromes b 1 , b 2 (L-lactate-cyto-
chrome c reductase) and b s (rotenone-insensitive NADH-cytochrome 
c reductase) are present in small quantities (b 1 , b 2 , bs) [85], 
are situated in outer membrane and/or in intermembrane space (b 5) 
[86], or may ~nly be present in anaerobic cells (b 1) [85]. Even 
when a localization in the inner mitochondrial membrane is 
possible (b 2 ) [85,87,88] the cytochrome is only loosely bound 
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[85,87) and should therefore be absent from the DOC extract. 
In the study of an oligomeric membrane protein it is often 
difficult to decide which of the constituent polypeptides are 
genuine subunits of the functional protein. This problem has 
been encountered already in studies of the structure and bio-
genesis of yeast cytochrome oxidase [7,25,78). It is even more 
difficult to make such a decision in the case of cytochrome b 
since no enzymatic activity is associated with the purified 
protein and extremely complicated reconstitution experiments 
would be required to investigate the role of each polypeptide 
in the complex. Experiments of this kind in Racker's laboratory 
showed that the single-polypeptide cytochrome b preparations 
were completely inactive in reconstitution of succinate-cyto-
chrome c reductase activity whereas a preparation with a lower 
specific heme content of 12.8 nmoles heme b/mg protein was 
reconstitutionally active [32). However, to underscore the 
difficulties inherent in these methods, later experiments from 
another laboratory have indicated that this reconstituted 
activity may have resulted from a small amount of contaminating 
cytochrome _b- c 1 [ 8 9 ] . 
The complex structure of the oligomycin-sensitive ATPase 
and cytochrome oxidase from yeast inner mitochondrial membrane 
[SJ makes it at least a possibility that cytochrome b has a 
complex quaternary structure. As discussed by Peyton and 
Schatz [78) some of the components of cytochrome oxidase for 
instance may be required for energy transduction reaction or to 
co-ordinate assembly of the protein during its biogenesis. In 
considering the structure of cytochrome b, the presence of 
multiple chemical (spectral) species [83) is a further complica-
ting factor. In the light of these complications, and for the 
sake of simplicity, the term "cytochrome b" has been used in 
referring to the seven-subunit protein isolated in the present 
work. It must be realized, however, that in future work some 
of these subunits may come to be regarded as closely associated 
but not integral parts of the true cytochrome b structure. 
The fact remains, however, that preparations containing 
heme b moiety have been isolated with specific heme contents as 
high as 40 nmoles/mg protein (Table II-9). In one case the 
isolation procedure employed high (up to 2%) SDS concentrations 
throughout the purification [30). This could not be employed in 
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the present work since both mitochondria as well as the isolated 
cytochrome b lost the characteristic heme b absorption in the 
presence of SDS. In another method, protease treatment was used 
during purification of the cytochrome [31). This was not use fu l 
with the present preparation since the ammonium sulphate p rec i -
pitation step following the protease treatment resulted in 
precipitation of a cytochrome b which could not be resolubilized. 
The likelihood of a proteolytic modification of the subunits is 
also a major drawback of the approach. Lastly, a column chrom-
atography technique employing an oleyl-polymethacrylic acid 
resin has been successfully employed by Weiss's group to separate 
the mitochondrial cytochromes from Neurospora [24). Of two 
cytochrome b fractions which eluted from the column, one was 
further purified to a one-subunit stage [34). This method has 
not been examined in this laboratory. 
29 
II-5 SUMMARY 
A cytochrome b complex (called"cytochrome b" in the text) 
and cytochrome oxidase have been purified 14- and 20-fold 
respectively from yeast SMP by a simple procedure involving their 
spontaneous precipitation from a DOC extract. The recovery of 
both proteins was almost quantitative. The specific heme contents 
were 11 and 8 nmoles/mg protein for cytochrome band cytochrome 
oxidase respectively and both were spectrally pure. Sodium 
dodecyl sulphate gel electrophoresis resolved cytochrome b into 
seven distinct subunits with molecular weights 42,000, 33,000, 
27,500, 23,000, 15,500, 13,000 and 10,500. Cytochrome oxidase 
contained five bands with molecular weights 42,000, 26,50 0 , 
21,000, 14,000 and 10,500. 
Much of the cytochrome b (and all of the cytochrome 
oxidase) could be resolubilized in aqueous buffer followin g 
precipitation from the DOC extract. The fraction of the cyto-
chrome b preparation which remained insoluble appeared identical 
to the soluble protein in terms of polypeptide composition but 
contained less P-lipid and bound detergent, suggesting that 
insolubility may result from interaction between hydrophobic 
regions otherwise occupied by amphiphiles. 
Soluble cytochrome b migrated as a single species u pon 
analytical ultracentrifugation and column chromatography, and 
during electrophoresis on polyacrylamide gels. Triton X-100, 
urea, or bile salts, failed to dissociate the cytochrome. These 
findings suggest that the subunits are tightly associated 
in situ. 
CHAPTER III 
THE BIOGENESIS OF CYTOCHROME b AND CYTOCHROME 
OXIDASE IN YEAST MITOCHONDRIA.SITES OF TRANS-
LATION OF THE PROTEIN COMPONENTS. 
3 0 
III-1 INTRODUCTION 
An intriguing feature of mitochondria, also shared by 
chloroplasts, is the automony of the organelle within the cell 
and the presence within it of unique DNA and RNA species and a 
complete protein synthesizing system [4,7). Notwithstanding, 
the majority of mitochondrial proteins (85% or more), including 
probably all of the proteins required for transcription and 
translation of mitochondrial DNA, are synthesized by the nucleo-
cytoplasmic system and are incorporated into the organell e in a 
manner which is somehow co-ordinated with the formation of 
mitochondrially translated polypeptides [7]. 
The cytoplasmic origin of a mitochondrial protein can be 
inferred if that protein is found in the cytoplasmic petite 
mutants of yeast which lack mitochondrial DNA. Thus, for ins t ance , 
most if not all of the proteins of the outer mitochondrial membrane, 
the enzymes of the citric acid cycle, cytochrome c, and the mito-
chondrial F 1-ATPase, are present in such petites and are thus 
synthesized on cytoplasmic ribosomes (7). Petites without mito-
chondrial DNA are not only deficient in mitochondrial protein 
synthesis eut also lack the cytochromes band aa 3 (whether they 
also lack cytochrome c 1 is uncertain (85)) and are incapable of 
respiration and oxidative phosphorylation [7]. Despite these 
lesions however, the obvious structural features of the petite 
and wild-type mitochondria seem comparable (90). 
The phenotype observed in cytoplasmic petite mutants of yeast 
can bemimickedby growing the cells in the presence of inhibitors 
such as CAP which specifically impair mitochondrial protein trans-
lation. By using this technique, it has been clearly demonstrated 
that the biogenesis of complex III (coenzyme QH 2-cytochrorne c 
reductase) and complex IV (cytochrome oxidase) require mito-
chondrial translation products for their assembly (47-49). Complex 
I (NADH-coenzyme Q reductase) and complex II (succinate - coenzyme 
Q reductase) apparently do not, since they are formed even in the 
presence of CAP (47,49). 
It should be realized, however, that the presence of rnito-
chondrially synthesized components in a protein can only be 
inferred from the loss of functional activity in petites or in 
CAP-grown cells. Proteins which do not contain mitochondrially 
synthesized subunits could conceivably be absent from such cells 
due to secondary effects of the loss of mitochondrial translation 
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products [7). It is therefore important to establish more 
directly whether a protein contains subunits of mitochondrial 
origin. The method which has been used almost exclusively so far 
has been to examine the labelling of the subunit polypeptides in 
the presence of specific inhibitors of either mitochondrial or 
cytoplasmic protein synthesis. To date, only two proteins in 
the yeast mitochondria have been clearly shown to contain mito-
chondrially translated polypeptides - the oligomycin-sensitive 
ATPase [46) and cytochrome oxidase [27,44). The former contains 
9-10 non-identical subunits of which 4 are translated intramito-
chondrially [46). Cytochrome oxidase has been isolated as a 
complex with seven distinct subunits of which 3 are translated 
within the mitochondrion [27,44). Similar results have also been 
reported for Neurospora cytochrome oxidase [45). 
Considerable current interest is now focused on cytochrome b, 
since as described above, there is reason to believe that it3 
biogenesis requires products of mitochondrial translation. The 
major difficulty in studying the biogenesis of yeast cytochrome b 
is the lack of a defined preparation. Purification of cytochrome 
bis compl~cated by the absence of enzymatic activity, by the non-
covalent nature of the heme attachment, and by the multiple cyto-
chrome b species shown to exist under energized conditions in situ 
[83). Notwithstanding, a spectrally pure cytochrome b complex 
from yeast mitochondria has been isolated and partly characterized 
in this laboratory (chapter II). Sodium dodecyl su~rate poly-
acrylamide gel electrophoresis of the preparation revealed seven 
distinct subunits with molecular weights 42,000, 33,000, 27,500, 
23,000, 15,500, 13,000 and 10,500. The subunits are believed to 
be physically associated in situ since they are tightly associated 
and difficult to separate, even after solubilization from the 
membrane (section II-3.10). It is the purpose of this chapter to 
examine the biogenesis of this complex, and to focus in particular 
on the intracellular sites of translation of the protein compon-
ents. During the course of the investigation, a report appeared 
showing that the heme-carrying polypeptide of Neurospora cytochrome 
bis synthesized on mitochondrial ribosomes [34). 
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III-2 EXPERIMENTAL 
III-2.1 Growth and labelling of yeast cells 
Yeast cells (Saccharomyces cerevisiae, strain M) were grown 
as described in chapter II using 1.5 % galactose as carbon 
source. Cell3 were harvested in the mid-exponential phase of 
growth and washed twice in ice-cold growth medium from which yeas t 
extract and galactose were omitted. For labelling with L-[4,5- 3H]-
leucine, 20g wet weight of cells were suspended in 200 ml of growth 
medium containing 1% galactose and no yeast extract, CHl and CAP 
were added where indicated to lOO µg/ml and 4mg/ml respectively, 
and the suspension was agitated for 15 min at 30° in an oxyge n 
atmosphere. The medium was then supplemented with L-[4,5- 3H]-
leucine (2mCi' 30-60 Ci/mole; final leucine concentration around 
0.3 rnM) and the incubation was continued for a further 30 min. An 
equal volume of 0.1 M unlabelled leucine was then added and after 
a further 10 min the cells were cooled to 0°C an d collected by 
centrifugation. 
Labelling with [ 3H]formate was carried out according to 
Feldman and Mahler (91]. The cells (20g) were suspended in 200 
ml of the growth medium containing 1% galactose and 0.2% yeast 
extract; adenine, L-methionine and L-serine, which are direct 
products of formate metabolism, were included as carriers at 10 µM 
concentrations. After agitation for 15 min at 30 in an oxyge n 
atmosphere, [ 3H]formate (2 me., 250 C. /mole) or [ 14C)formate 
l l 
(0.5 mCi, 59Ci/mole) was added and incubation was continued for a 
further 5 min. The medium was then supplemented with 200 ml of 
20 mM sodium formate and after a further 15 min CHl and CAP were 
added to 100 µg/ml and 2 mg/ml respectively and the cells were 
cooled and harvested by centrifugation. 
II-2.2 Preparation of submitochondrial particles and cytochromes 
Cells labelled with [ 3H]leucine were isolated and broken in 
the medium previously described (chapter II) except that it also 
contained 100 µg/ml of CHl and 10 mM leucine. Formate labelled 
cells were similarly processed in the same medium containing 
100 µg/ml CHl, 2 mg/ml CAP and 20 mM sodium formate. In both 
cases, cells unbroken in the first homogenization were resuspended 
and rehomogenized. Isolation of SMP and preparation of the cyto-
chromes were carried out by appropriately scaling down the procedure 
described in chapter II. 
rrr-2.3 Electrophoresis and counting p rocedures 
The electrophoresis method used here i s detailed more fully 
in chapter IV. In brief, proteins were depolymerized for 30 mi n 
at 70°C in 2% SDS, 2 % dithiothreitol and 10 mM NaP., pH 7.4. 
1 
Samples (approximately 100 ~g) were then applied to 10 % poly-
3 
acrylamide gels containing 0.1% SDS and electrophoresed by a 
modification of the procedure of Weber and Osborn [56]. The gels 
were stained and scanned spectrophotometrically, then frozen in 
solid CO 2 and cut into 1 rrun slices for counting. Where labelling 
was carried out using [ 3 H]leucine the slices were solubilized by 
incubating with 0.25 ml of 30 % H20 2 at 40°C overnight. Some of 
the formate-based radioactivity was lost from the digestion mixture 
by this treatment and such samples were therefore solubilized with 
0.5 ml of soluene (Packard) at 20°C overnight. The samples wer e 
then supplemented with 5 ml of a toluene- Triton X-100 scintillator 
(2:1) and radioactivity was estimated using a Beckman LS-250 
liquid scintillation spectrometer. 
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III-3 RESULTS 
III-3.1 Labelling conditions 
In vivo labelling of mitochondrial proteins can be carried 
out by supplying labelled amino acids during growth of the cells, 
or alternatively by labelling under conditions where no growth 
occurs and where incorporation presumably proceeds by turnover 
of pre-existing proteins [92]. Labelling under no n-growing 
conditions has been employed here, since the presence of inhibi-
tors in the alternative procedure would arrest gr~wth anyway. 
Conditions suitable for labelling the cells in the presence 
of inhibitors were determined by examining the incorporation of 
[ 3H]leucine into SMP. Under the standard incubation conditions, 
where 20g wet weight of cells in 200 ml of medium were shaken in 
a 500 ml erleruneyer flask a small but variable stimulation of CHl 
insensitive labelling of SMP was observed where oxygen rather than 
air was provided throughout. Such conditions were therefore used 
routinely. Labelling of the SMP was unaltered between pH 6.1 and 
7.4 in the presence of additional 50 mM NaP. buffer. Cells l 
harvested in the mid-log phase of growth and labelled for a 60 min 
period in the presence of CHl incorporated radioactivity 2-3-fold 
more rapidly than 4 h stationary phase cells (Fig. III-1) and were 
therefore used routinely. However, SDS polyacrylamide gel electro-
phoresis of labelled SMP from cells which were harvested at various 
stages of growth (points 1-6 in Fig. III-1) revealed identical 
staining and labelling patterns, showing that the differences in 
incorporation were not qualitative in nature (data not shown). 
Similar radioactivity patterns of SMP on SDS gels were also 
observed where [ 3H]leucine was replaced with [ 3H]proline, [ 3H]-
lysine, [14c]phenylalanine or [ 35s]methionine, or when the label-
ling time was varied between 5 and 120 min. 
Preincubation of the cells with CHl (100 µg/ml) for 15 min 
inhibited incorporation by 85% during a 60 min labelling, and by 
97 % where CHl (100 µg/ml) and CAP (4 mg/ml) were present together. 
Resolution of the labelled membranes by SDS gel electrophoresis 
revealed numerous radioactive peaks where inhibitors were absent 
during labelling but only three major peaks with several smaller 
ones where CHl was used (Fig. III-2). 
The incorporation of [ 3H]leucine into SMP over 60 min decreased 
by 40% when the time of preincubation with CHl was increased from 
5 to 15 min. Submitochondrial particles from cells which we r e pre -
Fig. III-1 The effect of the stage of growth on the in vivo labelling of SMP ~y [ 3H]leucine in 
the presence of CHl. Yeast cells (lg) were harvested at various stages of growth 
(points 1-6) then labelled for 60 min with 100 µCi of [ 3H]leucine in the presence of 
CHl. The washed cells were suspended in 5 ml of homogenization medium, then broken 
in a small Braun flask (50 ml vs 65 ml) for 15 sec using 5 ml of glass beads. The 
suspension was centrifuged twice at 1,000 xg then the mitochondria were sedimented 
at 15,000 xg for 20 min. The pellet was suspended in 2 ml of 0.25 M sorbitol - 10 mM 
Tris-HCl, pH 7.4, then sonicated for 15 sec and SMP sedimented as described in 
Experimental. The pellet was suspended in 10 mM NaP., pH 7.4, for the measurement of l 
radioactivity. Precipitation and washing of the SMP preparations with ice-cold, 
10% trichloroacetic acid and estimation of radioactivity in the precipitates gave 
comparable results. 
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Fig. III-2 Sodium dodecyl sulphate gel electrophoresis of SMP 
labelled in vivo in the presence or absence of 
inhibitors of protein synthesis. Yeast cells were 
labelled for 60 min with [ 3H]leucine, either in 
the presence or absence of CHI or CAP. Submito-
chondrial particles were then isolated as described 
in the legend to Fig. III-1. Samples, containing 
185 - 205 µg of protein, were dissolved in SDS and 
resolved by SDS gel electrophoresis. Details of 
this method are given in the text. The specific 
activities of SMP labelled either in the absence 
of inhibitors, or in the presence of CHI or CHI 
plus CAP, were 2.0 x 10 5 , 3.80 x 10 4 and 1.03 x 10 4 
cpm/mg protein respectively. The arrows in B 
denote the position of the 42,000 and 28,000 
molecular weight bands shown in A. 
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incubated in the presence of CHl for either 5, 10 or 15 min before 
labelling showed identical staining patterns on SOS gels although 
differences occurred in the labelling patterns (Fig. III-3); the 
broad, split peak in the 40,000 - 45,0 0 0 molecular weight range, 
and the minor radioactive peaks in the low molecular weight reg ion, 
decreased with increasing time of preincubation with CHl, whereas 
the peak with molecular weight around 27,000 remained constant. 
Preincubation of cells for 20 min instead of 15 min did not sig-
nificantly alter the labelling pattern however (Fig. III-3). One 
possible interpretation of these findings is that some cytoplasmic-
ally formed precursor proteins, which are required for the synthesis 
or integration of their mitochondrially synthesized counterparts, 
diminish with increasing time of incubation in CHl. In line with 
this explanation, the incorporation of [ 3 H]leucine into SMP in ce lls 
which were preincubated either 5 or 10 min in the presence of CHl 
was found to be essentially complete within the first 15-20 min. 
Indeed, work from several laboratories suggests that the availa-
bility of cytoplasmically made polypeptides may control the extent 
of incorporation of the mitochondrial translation products into 
SMP [41,45,49,93-95]. These studies also show that preincubation 
-
of cells in the presence of CAP before labelling in the presence 
of CHl result in the increase in both the rate and extent of label-
ling of the products of mitochondrial protein synthesis [41,45,49, 
93,95]. 
In order to investigate the effects of CAP preincubation on 
the CHl insensitive labelling of SMP in vivo, cells were first 
preincubated for 30 min in the presence or absence of CAP, then 
washed and resuspended in a medium containing 100 µg/ml CHl. 
After a further 15 min, [ 3H]leucine was added and the incorporat-
ion of radioactivity into SMP was monitored over 30 min. As shown 
in Fig. III-4, [ 3H]leucine continued to be incorporated over 30 
min when the cells were preincubated with CAP. In control 
experiments where CAP was either omitted or replaced by CAP+ CHl 
during the preincubation, the incorporation almost levelled o ff 
within the first 15 min. The lower initial rates of labelling in 
cells preincubated with CAP or CAP+ CHl presumably reflects the 
incomplete removal of CAP by washing. In later work however, it 
was found that the labelling of SMP over 30 min was almost iden-
tical if the CAP preincubation was omitted, and instead, the cells 
were simply isolated and washed in ice-cold medium (rather than 
Fig . III-3 The CHI insensitive labelling patterns of SMP on 
SOS gels in relation to the length of CHI pre-
incubation time. Yeast cells were preincubated in 
the presence of 100 µg/ml of CHI for 5, 10, 15 or 
20 min, then labelled with [ 3H)leucine for 60 min. 
Submitochonrial particles were prepared as 
described in the legend of Fig. III-1 and samples 
containing 200 µg of protein were analysed by SOS 
gel electrophoresis. The specific activities of the 
SMP preparations in A, B, C and O were 7.0, 5.9, 4.1 
and 3.7 x 10 4 cpm/mg protein. The protein staining 
patterns of these preparations were identical. The 
arrows indicate the positions of the 42,000 and 
28,000 molecular weight bands in Fig. III-2A. 
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as described in the legend of Fig. I II-1. 
.,, 
Q) 
E 
-Q) 
Q) 
... 
~ 
-
""'O 
Q) 
~ 
.,, 
0 
~ 
.,, 
Q) 
u 
30 min preincubationl 
in the presence of ' 
t, 
~ 
............ 
w_ 
Sc;-> 20 
z~ 
- X 
~-
ei:: Z 16 
Ww 
Q.. t-
V) 0 
t- ei:: 
z a.. 12 
:::> Q.. 
0~ 
u V) 
1::, CAP 
D CAP + CHI 
15 min preincubation 
in the presence of 
o NO INHIBITORS CHI 
0 
1::, CAP-. CHI 
~ o NO INHIBITORS-CHI 
oCAP + CHI-.CHI 
10 20 30 
LABELLING TIME (min) 
- ___,,,. """"" ..... --------------------------................................... 111111111!1!!!!111111111!1111 ...... ~~~!!!!!!!!!!!!!!!!~!!'· 
36 
at room temperature) immediately prior to labelling. Presumably 
the 0-4°C isolation retards the rate of breakdown of cytoplasmic-
ally formed precursors and allows SMP labelling to the same extent 
as that observed in CAP-preincubated cells. Because of the 
additional manipulations involved in the CAP preincubation, the 
labelling experiments reported here were routinely carried out 
with cells that were isolated in the cold immediately prior to 
the experiment. 
Michel and Neupert have reported that on administration of 
[ 3H]leucine to Neurospora cells, the initial products formed by 
mitochondrial translation are low molecular weight polypeptides , 
and that these are subsequently modified to higher molecular 
weight components in the membrane [96]. This was revealed by 
pulse-labelling the cells in the presence of CHl followed by a 
chase period of varying length of time. In order to reinvesti-
gate these findings with the present yeast strain, the cell s were 
pulse-labelled with [ 3H]leucine for 5 min in the presence of CHl, 
then diluted with a solution containing unlabelled leucine and 
harvested either immediately or after 20 or 40 min. Electro-
phoresis of the SMP preparations from these cells on SDS gels 
revealed no obvious qualitative differences in the labelling 
patterns (Fig. III-5). In order to show that the minor differences 
which did occur were due to slicing procedures rather than to gen-
uine changes in the labelling the [ 3H]labelled cells were mixed 
with cells which were labelled for 60 min with [ 14 C]leucine in 
the presence of CHl. Submitochondrial particles were then pre-
pared, electrophoresed on SDS gels, and sliced and counted for 
[ 3H] and [14c] radioactivity. As shown in Fig. III-5 the two 
radioactivity patterns closely coincided in each case, suggesting 
that the minor qualitative differences between the cells were 
most likely artefacts due to the slicing procedure. 
III-3.2 Sites of translation of the subunits of cytochrome oxidase 
and cytochrome b 
Yeast cytochrome oxidase has been isolated previously as a 
complex containing 6-7 nai-i dentical subunits [25,26] of which the 
three largest are labelled in the presence of CHl [27,44] and are 
thus synthesized on mitochondrial ribosomes. Since cytochrome 
oxidase as well as cytochrome b can be isolated by the present 
methods (chapter II) the labelling of the former was examined 
first to establish the usefulness of the present experimen tal 
Fig. III-5 The effect of varying chase periods on the SOS gel 
patterns of SMP pulse-labelled in the presence of CHI. 
Cells were pulse-labelled with [ 3H]leucine for 5 min 
in the presence of 100 ~g CHI/ml, then an equal 
volume of 0.1 M unlabelled leucine was added and the 
cells were harvested either immediately (A) or after 
20 (B) or 40 min (C) of further incubation. Another 
batch of cells was labelled with [ 14C]leucine for 60 
min in the presence of CHI. The cells from both 
experiments were then mixed and SMP were isolated as 
described in the legend to Fig. III-1. The labelled 
membranes were then resolved by SOS gel electrophoresis 
(200 ~g protein/gel) and sliced and counted for 14c 
and 3H radioactivity. Appropiate corrections for the 
quenching were applied. The staining patterns of the 
SMP preparations on SOS gels were identical. 
• e, [ 3H]leucine label; [ 14C]leucine label. 
The specific activities of SMP were 5.7 x 10 3 cpm/mg 
protein ([ 14c]label) and 2.70, 2.50 and 2.35 x 10 
cpm/mg protein ([ 3H]leucine) for A, Band C respect-
ively. The arrows denote the positions of the 42,000 
and 28,000 molecular weight bands shown in Fig. III-2A. 
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protocol. Cells were labelled for 30 min in the presence of CHl 
then cytochrome oxidase was isolated and resolved into subunits 
by SDS gel electrophoresis. In general agreement with previous 
findings, bands I, II and III were labelled (Fig. III-6) whereas 
bands IV and V (each of which may consist of pairs of closely 
migrating polypeptides) were not. 
The biogenesis of cytochrome b was similarly examined in the 
first instance by labelling in the presence of CHl. The complex 
was then isolated and resolved into subunits by SDS gel electro-
phoresis. As shown in Fig. III-7A, only subunits I and III were 
significantly labelled under these conditions, suggesting that 
these at least are formed on mitochondrial ribosomes. To extend 
these findings, the experiment was repeated using CAP in place of 
CHl. Chloramphenicol, since it inhibits translation on mitochon-
drial but not cytoplasmic ribosomes, should complement the obser-
vations made with CHl. Indeed bands IV, V, VI and VII became 
labelled under these conditions, whereas the labelling of bands I 
and III was very substantially inhibited (Fig. III-7B). Taken 
together, these findings clearly indicate that subunits I and III 
are of mitochondrial origin and that subunits IV - VII are tr ns -
lated in the cytoplasm. 
Subunit II was not significantly labelled in the presence of 
either CHl or CAP. This may reflect the fact that the synthesis 
of some inner mitochondrial membrane complexes requires a tight 
coupling of the two protein synthesizing systems [7]. To avoid 
the difficulties inherent in using inhibitors, the technique of 
labelling in vivo with formate was used. Mitochondrial (but not 
cytoplasmic) protein synthesis in yeast is initiated in the manner 
of procaryotes using N-formylmethionyl t-RNA. As shown by Mahler's 
group [41,91,97], the N-formylmethionyl moiety is retained to some 
degree by the completed polypeptide and is incorporated into the 
mitochondrial membrane, thereby making formate useful for monit-
oring mitochondrial protein synthesis where cytoplasmic synthesis 
remains active. In the present work, labelling of the cells with 
[3H]formate was carried out for only 5 min since at longer incu-
bation times serine in particular becomes radioactive and may be 
incorporated into proteins synthesized on cytoplasmic ribosomes 
.[91]. As shown in Fig. III-7C, subunits II as well as subunits 
I and III were labelled by this procedure whereas the smaller 
subunits were not. Identical results were obtained with 
Fig. III-6 Cycloheximide insensitive labelling of the subunits 
of cytochrome oxidase. Yeast cells were labelled 
with [ 3 H]leucine in the presence of CHI, then cyto-
chrome oxidase was isolated (chapter II) and a sample 
(80 µg protein , 2100 cpm) was analysed by SDS poly-
acrylamide gel electrophoresis. Details are given 
in the text. 
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Fig.III-? Sites of translation of the subunits of cytochrome b. 
Yeast cells were labelled either with [ 3H]leucine in the 
presence of CHI (A) or CAP (B), or with [ 3H]formate in 
the absence of inhibitors (C). Cytochrome b was then 
isolated (chapter II) and samples containing the 
following amounts of protein were analysed by SDS poly-
acrylamide gel electrophoresis: A, 70 µg, 2,700 cpm; 
B, 110 pg, 6 , 7 0 0 c pm; C, 9 5 µ g , 4 , 8 0 0 cpm. 
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[14c]formate. Moreover that the radioactivity incorporated was 
mainly present as the formyl group wa s confirmed by acid hydrolysis 
[91]. Incubation of the labelled protei n with l N HCl at 10 0° for 
10 min, followed by SDS gel electrophoresis, r e vealed a 78 % loss 
of radioactivity from the protein compared with unhydroly s ed 
controls. It therefore seems clear that subunit II as well as 
subunits I and III are translated on mitochondrial ribosomes a nd 
that the smallest four subunits are products of cytoplasmic 
protein synthesis. 
1 
III-4 DISCUSSION 
Sodium dodecyl sulphate gel electrophoresis of yeast mito-
chondrial membranes which were labelled in vivo in the presence o f 
CHl revealed three major and several minor peaks ranging in molec-
ular weight from 45,000 to 10,000, in general agreement with 
previous results [45,65,92,95,98,99]. The exact number of the s e 
mitochondrial translation products is difficult to estimate since 
several labelled polypeptides could be superimposed in one radio -
active peak. It is generally believed that the products of mito -
chondrial translation are incorporated exclusively into the inner 
mitochondrial membrane, and that they account for only 5-15 % of 
the total mitochondrial protein [7]. 
When cytochrome oxidase was isolated from yeast cells 
labelled in the presence of CHl, only the three largest subunits 
with apparent molecular weights 42,000, 26,500 and 21,000 were 
labelled (Fig. III-6). Similar results have been obtained by 
others [27,44] and are interpreted as indicating a mitochondrial 
site of translation for these polypeptides. The subunit of molec-
ular weight 21,000 appeared as a major labelled peak in previous 
studies out contained relatively less radioactivity in th e p re s e n t 
preparation (compare Fig. III-6 with Fig. 3, ref. 27, and with 
Fig. 1, ref. 44). This is most probably due to the fact that the 
amount of protein in subunit III was proportionally less than in 
other preparations [25,26] at least as judged by the stain i ng 
intensity on SDS gels. It is interesting to note, however, that 
labelling in the 21,000 molecular weight region was also quite 
low in the parent SMP membranes labelled in the presence of CHl 
(Fig. III-2B) compared with some other studies [44,65,100]. 
Sodium dodecyl sulphate gel electrophoresis of the cytochrome 
b preparation which had been labelled in vivo in the presence of 
CHl revealed that subunits I and III were radioactively labelled 
whereas subunits II, IV, V, VI and VII were much less so. (Fig. 
III-7A). It is notable that the area on the gels corresponding 
to subunit II (molecular weight 33,000) was also essentially 
unlabelled in SMP isolated from cells labelled in the presence 
of CHl (Fig. III-2B). When the cells were labelled in the 
presence of CAP, subunits IV, V, VI and VII were significantly 
labelled whereas subunits, I, II and III were not (Fig. III-7B). 
Taken together these findings clearly established that subunits 
I and III are translated on mitochondrial ribosomes wherea s 
subunits IV - VII are formed in the cytoplasm. 
In an alternative approach, the identity of the mitochondri-
ally translated polypeptides of cytochrome b was investigat d by 
monitoring the incorporation of [ 3H]formate into the subunits. 
Since N-forrnylmethionine is utilized for chain initiation only by 
mitochondrial ribosomes (91,97) , the products of mitochondrial 
translation can be specifically labelled without resorting to 
inhibitors. Indeed, [ 3H]formate was specifically incorporated 
into subunits I, II and III, thereby confirming the mitochondrial 
site of translation of subunits I and II, and showing that this 
was also the site of translation of subunit III. 
The general conclusion reached here, that the cytochrome b 
subunits of molecular weights 42,000, 33,000 and 27,500 are trans-
lated in the mitochondria whereas the other, lower molecular 
weight subunits are products of cytoplasmic protein synthesis, 
is at •least consistent with the results of Weiss (33), and Weiss 
and Ziganke (34). Their work showed that the heme b-binding 
polypeptide from Neurospora mitochondria with apparent molecular 
weight of 32,000 was translated on mitochondrial ribosomes wh e r eas 
the lower molecular weight polypeptides of molecular weight 11,000 
and 10,000 were products of cytoplasmic protein synthesis (33]. 
These lower molecular weight polypeptides were later regarded as 
possible contaminants [34). The present findings are also in line 
with a brief report by Lansman et al. (101) that the cytochrome 
b-containing complex from Neurospora mitochondria consists of two 
broad classes of protein - high molecular weight species origi n-
ating in part from mitochondrial translation and smaller pro te ins 
which are formed in the cytoplasm. 
The failure of subunit II of cytochrome b to become labelled 
in the presence of either CHl or CAP probably results from a dis-
ruption by the inhibitor of a tightly coupled interaction between 
the nuclear and mitochondrial protein synthesizing systems of the 
yeast cell. Inhibition of one system may result in a failure of 
products of the other either to be formed or to be properly inter-
grated into the membranes (7). Examples of this have been noted in 
previous studies of the biogenesis of Neurospora cytochrome oxidase. 
When cytoplasmic protein synthesis was blocked with CHl only one of 
the three mitochondrially synthesized subunits became significantly 
labelled with [ 3H]leucine (45). However, all three subunits were 
labelled if the cells were first preincubated in the presenc of 
CAP (to accumulate the cytoplasmic precursors of cytochr m 
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oxidase) before labelling in the pre sence of CHl [45). These 
three subunits were also labelled when the cells were first 
allowed to incorporate [ 14c]leucine in the presence of CHl , then 
washed free of the inhibi t or and further incubated for 4 h in the 
presence of unlabelled leucine (45 ) . This e xperimental a pproach , 
which has also been used by Lansman et al. [94), allows the cells 
to recover from CHl inhibition and to combine the labelled p r o ducts 
of mitochondrial translation with the newly formed, but un l a b e l l ed , 
partner proteins synthesized in the cytoplasm. Further evidence 
of the tight coupling between the nuclear and mitochondrial ge netic 
systems is found in the cytochrome oxidase-less mutants of ye as t 
isolated by Ebner et al. [102). In some mutants, a single defec-
tive nuclear gene was shown to result in the absence of o ne o r 
more of the three subunits which, in the wild type, are f ormed o n 
mitochondrial ribosomes (77). Similarly, a cytoplasmic pet i t e 
mutant with extensive deletions in mitochondrial DNA was found t o 
lack not only the mitochondrially synthesized subunits, bu t a ls o 
one of the cytoplasmically synthesized ones. The three r emai n i ng 
cytoplasmically formed components were present but were a pparently 
not bound correctly to the mitochondrial membranes [77). Similar 
considerations apply to the assembly of the oligomycin-sensitive 
ATPase complex. In cytoplasmic petites in yeast [103), or whe re 
cells were derepressed in the presence of CAP [104), the F1 -
ATPase sector of the complex is synthesized but is not pro pe rl y 
bound to the membranes, presumably because of a deficiency i n the 
mitochondrially synthesized membrane sector. Similarly, the 
membrane sector labelled in the presence of CHl could not b e pre -
cipitated with an antiserum against the F 1-ATPase, indicati n g a 
failure to assemble the F 1 and membrane sector components under 
the se conditions [46). 
It is of some interest that both cytochrome b (Fig. I I I-7) 
and aa 3 (Fig. III-6), as well as the oligomycin-sensitive ATPase 
(see chapter IV, esp. Fig . IV-8) contain mitochondrially tra ns-
lated polypeptides with approximate molecular weights of 42,000 
and 27,000, and that these molecular weights correspond t o t he 
two major radioactivity r eg ions of the CHl insensitive label l i ng 
pattern of SMP (Fig. III-2B). Recently Rowe et al. [105), working 
with Neurospora, f ound that the mitochondrial translation produc ts 
of the mitochondrial membranes and the purified cytochrome oxidas 
had similar molecular weights and solubility properties. Th e y 
s ugq sted that mitochondria may synthesize only a few pr0l ins 
4 2 
which become common subunits in oligomeric protein complexes such 
as cytochrome oxidase and the oligomycin-sensitive ATPase, both 
of which are known to contain mitochondrially translated poly-
peptides [5]. Despite such similarities howeve~ there are 
several observations which suggest that cytochrome b, cytochrome 
oxidase and the oligomycin-sensitive ATPase do not contain 
identical mitochondrially synthesized subunits: (a) the occurr-
ence of common subunits in these proteins might be expected to 
cause some immunological cross-reactivity. However antibodi es 
prepared against the ATPase complex or cytochrome oxidase specific-
ally precipitated these proteins even from crude mitochondr ial 
extracts [25,27,46,77]. This is not considered conclusive evidence 
however, since these subunits may be poor antigens, or they may 
be buried within the protein complex in such a way as to elicit 
no antibody production, (b) a mutant (pet Ell) has been isolated 
which contains normal amounts of oligomycin-sensitive ATPase and 
succinate-cytochrome c reductase activities (and therefore presum-
ably cytochrome b), but which lacks cytochrome c oxidase activity 
[102]. Though able to synthesize the four mitochondrially trans-
lated polypeptides of the ATPase complex, the mutant was almos t 
completely deficient in the three mitochondrially synt~esized 
subunits of cytochrome oxidase [77]. It thus appears that the se 
subunits in cytochrome oxidase are not common to the ATPase and 
cytochrome b complexes, (c) work in this laboratory (chapter IV, 
Fig. IV-3) has shown that the 42,000 molecular weight polypeptides 
in these three proteins have different free mobilities in t he 
presence of SDS (calculated from SDS gels by extrapolation to zer 
polyacrylarnide concentration). Taken together, the evidence 
presented above strongly suggests that the mitochondrially syn-
thesized subunits of cytochrome b, cytochrome oxidase and the 
oligomycin-sensitive ATPase are different polypeptide specie s. 
III-5 SUMMARY 
A spectrally pure cytochrome b complex, isolated from 
yeast mitochondria as described in chapter II, contains seve n 
non-identical subunits with the following molecular weights: 
I, 42,000 II, 33,000 III, 27,500 IV, 23,000 V, 15,500 VI, 
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13,000 and VII, 10,500. In order to determine the intracellular 
sites of translation of these polypeptides, yeast cells were 
labelled with [ 3H]leucine in the presence of specific inhibitors 
of mitochondrial or cytoplasmic translation. The labelling of 
subunits I and III was found to be insensitive to CHI but was 
inhibited by CAP. Alternatively, subunits IV-VII were labelled 
in the presence of CAP but not in the presence of CHI. 
Since subunit II was not significantly labelled in the 
presence of either inhibitor, the technique of labelling in vivo 
with [ 3H]formate was used to establish its site of biogene sis . 
Formate is incorporated by mitochondrial (but not cytoplasmic ) 
ribosomes as N-formylmethionine at initiation and is there fore 
a marker for the products of mitochondrial translation. Subunits 
I, II and III were labelled under these conditions whereas the 
four smallest subunits were not. 
Taken together, these findings clearly establish that the 
three largest subunits of cytochrome bare translated on mito -
chondrial ribosomes and that the four smallest are formed in the 
cytoplasm. The present work, and that of Weiss [33) and Weiss 
and Ziganke [34], clearly shows that the cytochrome b complex 
can now be equated with the oligomycin-sensitive ATP and ase 
cytochrome oxidase as having polypeptides of both mitochondrial 
and cytoplsmic origin. The present findings also underscore the 
advantages of using [ 3H]formate to identify the products of 
mitochondrial translation. 
CHAPTER IV 
DETERGENT ELECTROPHORESIS OF MEMBRANE 
PROTEINS 
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IV-1 INTRODUCTION 
The purpose of the present chapter is two-fold; firstly, to 
examine the usefulness of the SDS polyacrylamide gel electro-
phoresis method for separating the subunits of more complex 
hydrophobic membrane proteins, and secondly, to report an electro-
phoresis method which is similar to the SDS one but based on the 
use of the cationic detergent CTAB. 
The use of SDS for subunit separation became especially 
important with the finding of Shapiro et al. [106] that during 
electrophoresis on polyacrylamide gels the dissociated polypep-
tides generally migrate with velocities which are dependent on 
molecular weight. It is recognized, however, that certain 
proteins with carbohydrate moieties [107,108], unreduced disul-
fide bonds [109,110], unusual charge [111,112] or conformation 
[113], and certain membrane proteins [114-116], do not migrate 
in a molecular weight-dependent manner on SDS gels. These 
observations, and the fact that SDS gel electrophoresis was to 
be used extensively in the present studies of cytochrome b 
biogenesis have prompted a detailed examination of the conditions 
under which satisfactory resolution of the subunits of complex 
membrane proteins can be obtained by the SDS gel electrophoresis 
method. 
In the course of the attempts to prepare yeast mitochondrial 
cytochromes (chapter II) a report by Goldberger et al. [30] was 
noted wherein SDS failed to completely disaggregate a cytochrome 
b preparation but a monomeric dispersion was obtained using a 
cationic detergent. In the light of this, it was questioned if 
such detergents might sometimes be useful in place of SDS, and 
further, whether an electrophoresis method might be developed 
similar to the SDS one, but based on the formation of a cationic 
detergent-protein complex. Such a method is presented in this 
chapter, with particular emphasis on its usefulness for molecular 
weight determination and for separating the polypeptides of both 
hydrophilic and more complex hydrophobic proteins. The method 
is similar in some respects to that of Fairbanks and Avruch 
(117], whose work was brought to our attention following comple-
tion of the present investigation. 
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IV-2 EXPERIMENTAL 
IV-2.1 CTAB gel electrophoresis 
Gels containing 10% acrylarnide were formed in the presence 
of 0.1% CTAB and 0.1 M NaPi buffer, pH 6.0. Details were othe r-
wise as described by Weber and Osborn [56] except that poly-
merization was achieved using riboflavin (2 µg/ml) together with 
intense illumination from opposite sides of the gel. Arranonium 
persulphate was unsuitable in this regard owing to crystal 
fonnation (probably a polyacrylic acid-CTAB complex). Warming 
of the tubes during polymerization was avoided to prevent bubble 
formation within the gel and they were used soon after polymeri-
zation to achieve the sharpest possible banding. 
Before electrophoresis, proteins were wanned at 70°C for 
30 min in 1% CTAB, 1% dithiothreitol and 0.01 M NaPi buffer, pH 
6.0. Alcohol dehydrogenase or cytochrome c (10-20 µg/gel))were 
sometimes included as molecular weight markers. Samples (g ener-
ally 50 µ l containing 10-100 µg of protein) were combined with 
5 µ l of 2 M sucrose to increase the density, and layered under 
the electrode buffer. If required, Methylene blue (0.5 µg ) was 
included te indicate the migration front. 
It should be mentioned that cytochrome band cytochrome 
oxidase often produced some precipitation on combination with 
CTAB, probably due to complexing between CTAB and bound DOC. 
Further addition of CTAB failed to solubilize the precipitate. 
Though dialysis before CTAB addition prevented the precipitation, 
no effect on the banding pattern was observed and in general it 
was not employed. Some precipitation also occurred with t he 
ATPase protein (which is prepared with the non-ionic detergent 
Triton X-100) but only at CTAB/protein ratios below 10/1. 
Hydrophilic proteins, such as bovine serum albumin and cytochrome 
c, were not precipitated even where the ratio was only 2.5/1. 
Electrophoresis was carried out for 7-9 hat a constant 
current of 8 mA/gel with the lower reservoir forming the cathode. 
The electrophoresis buffer was 0.1 M NaPi buffer, pH 6.0, 
containing 0.1% CTAB. Precipitation of a yellowish substance 
at the anode could be prevented by including 1 mM dithiothreitol 
in the reservoir buffer. Several other buffer systems beside s 
. NaPi were examined during the development of the method, as 
s hown in Table IV-1. None were superior to NaPi and they we r e 
th fore not used in further work. 
TABLE IV-1 
COMPARISON OF THE VARIOUS BUFFER SYSTEMS USED FOR CTAB GEL ELECTROPHORESIS 
Polyacrylamide gels (10%) were prepared and electrophoresis was carried out as described in Experimental. 
Besides sodium phosphate, several other buffer systems (as indicated in the first column) were examined 
which were present both in the gel and running buffer (in both cases at 0.1 M concentration). Albumin, 
catalase, alcohol dehydrogenase, lysozyme and cytochrbme c were employed as standards. 
Buffer system 
Sodium phosphate - NaOH 
Sodium cacodylate - HCl 
Succinic acid - NaOH 
Citric acid - sodium citrate 
Acetic acid - sodium acetate 
Sodium hydrogen maleate - NaOH 
2(N-morpholino)ethane sulfonic 
acid (MES) 
pKa pH employed 
7.2 6.0, 7.2 
6.3 6.0 
4.2, 5.6 5.0 
4.7 5.0, 6.0 
4.7 5.0 
6.2 6.0 
6.2 6.0 
Remarks 
low mobility at pH 7.2 
poisonous, otherwise equivalent to sodium 
phosphate 
low mobility 
low mobility 
pattern more diffuse than with sodium 
phosphate 
gels swell during electrophoresis 
buffer change necessary during electrophoresis 
4 6 
Proteins were fixed overnight by soaking the gels in acetic 
acid:methanol:water (1:5:5v/v). Staining and destaining were 
carried out in the same medium except that the former solution 
contained 0.3% Coomassie brilliant blue. Prefixation was used, 
mainly because of a background otherwise observed after staining . 
IV-2.2 · Growth and labelling of yeast cells 
Cells were grown as previously described (chapter II) 
except that the medium contained 1% galactose and 0.5% yeast 
extract and was supplemented with 2 X 10- 3 % ergosterol and 5 ml/1 
Tween-80. The latter can be utilized by the cells as a source 
unsaturated fatty acids. For labelling experiments, a modifi-
cation of the method of Groot et al. (92] was used. Twenty g 
o f 
wet weight of washed cells were suspended in 50 ml of a well 
oxygenated medium containing 40 mM NaPi, pH 7.4, 1% galactose and 
100 µg of CHl/ml. After 5 min at 28°C, the medium was supple-
mented with 2 mCi of L-[4,5- 3H]leucine (specific activity 1.0 Ci/ 
mmole) and labelling was carried out for 45 min; 50 ml of 100 
mM unlabelled leucine was then added, and incubation was continued 
for a further 10 min before harvesting. 
IV-2.3 Preparation of membrane proteins 
Cytochrome band cytochrome oxidase from yeast were purified 
as described in chapter II. The oligornycin-sensitive ATPase was 
purified from yeast mitochondrial membranes using Triton X-100, 
as described by Ryrie (54]. 
IV-2.4 Gel slicing and counting 
Unstained gels were sliced into 1 mm sections at -70°C then 
supplemented with 0.5 ml of either 1 % CTAB or 0.1% SDS for the 
respective gels, and incubated at 50°C overnight to elute the 
radioactivity. That complete elution occurred was confirmed in 
some experiments by comparing the counts with those from slices 
completely solubilized in H20 2 • Counting procedures were as 
described in chapter III. 
IV-2.5 Other methods 
Sodium dodecyl sulphate electrophoresis was carried o ut in 
10 % acrylamide gels according to Weber and Osborn (56]. Prote in s 
we r e dissociated in 1% SDS, 1 % dithiothreitol and 0.1 M NaPi 
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buffer, pH 7.1, under conditions described for CTAB. The electro-
phoresis was carried out for 6 h with 0.1% sos in both the gel 
and the running buffer. The gels were then fixed, stained, and 
destained as described above. 
The critical micellar concentration of CTAB was determined b y 
dye solubilization [118], a method based on the "solubilization" 
of a hydrophobic dye at the point where micelle formation begins. 
Solutions containing an excess of Sudan yellow were shaken for 
48 hat 25°C, then the absorbance measured directly at 498 mm. 
IV-2.6 Materials 
Hemoglobin (bovine blood), ovalbumin (egg white), alcohol 
dehydrogenase (equine liver), albumin (bovine serum), carbonic 
anhydrase (bovine erythrocyte), subtilisin (Bacillus subtilis), 
trypsin (bovine pancreas), a -chymotrypsinogen A (bovine pancreas ), 
fumarase (bovine heart), ribonuclease A (bovine pancreas), 
myoglobin (equine skeletal muscle) and cytochrome c (equine 
heart) were purchased from Sigma; catalase (bovine liver), 
lysozyme (egg white), carboxypeptidase A (bovine pancreas) and 
pepsin (ovine stomach) from Nutritional Biochemicals, and y -
chymotrypsin (bovine pancreas) from Mann. Phage QS coat protein 
was a gift from Dr. A.J. Gibbs. 
CTAB and SOS were purchased from Unilab and Sigma respect-
ively. Acrylamide was a product of Koch-Light laboratories and 
methylenebisacrylamide was from Eastman. Sudan yellow was 
obtained from B.D.H. 
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IV-3 RESULTS 
IV-3.1 SDS gel electrophoresis 
Most proteins migrate during SDS electrophoresis according 
to their molecular weight [56,106,119] and show essentially the 
same free mobility (120,121] (the free mobility of an SDS-
protein complex is defined as the mobility under conditions wher 
the sieving effect of the gel matrix is absent. It is usually 
obtained by extrapolating to zero acrylamide concentration). 
These findings indicate that the intrinsic charge of such 
proteins is overruled by the binding of the anionic sos. This 
rather intriguing property of protein-SDS complexes has been 
further studied in several laboratories, mainly by using modified 
proteins where various charged groups have been introduced into 
the polypeptide chains [119,121,122]. Such modified proteins 
sometimes do not denature properly in the presence of SDS [121, 
122] . 
The role (if any) of the intrinsic charge during SDS 
electrophoresis has been briefly examined in the present work by 
a somewhat different approach. Nine standard proteins (albumin, 
catalase, ovalbumin, alcohol dehydrogenase, carboxypeptidase A, 
myoglobin, hemoglobin, ribonuclease A and cytochrome c), with 
isoelectric points varying between 4.6 and 9.8, were subjected 
to electrophoresis under the usual conditions in the presence 
of SDS except that the pH of the gel and running buffers was 
adjusted to either 6.0, 7.0 or 8.0. At each pH value, a straight 
line was obtained when the logarithm of the molecular weight was 
fitted against mobility (Fig. IV-1), thus indicating that any 
change in the intrinsic charge on the protein which occurred 
between pH 6 and 8 did not affect its mobility in the presence 
of SDS. At each pH value, three of the proteins showed a 
mobility which corresponded to a lower molecular weight than 
indicated elsewhere [56]; carboxypeptidase A (34,600), myo-
globin (17,200) and hemoglobin (15,500) showed molecular weights 
of about 31,000, 14,500 and 11,500 respectively (Fig. IV-1). 
Anomalously low molecular weight has previously been observed 
for myoglobin [122] and carboxypeptidase (see f.i. Fig. 2 in ref. 
106) . 
IV-3.2 SDS gel electrophoresis of membrane proteins 
Two membrane proteins, namely cytochrome band oligomycin-
Fig. IV-1 Sodium dodecyl sulphate gel electrophoresis of 
standard proteins in NaP. buffer of varying pH . Poly-
l. 
acrylamide gels (10%) were prepared and the electro-
phoresis carried out as described in Experimental, 
except that the pH of the gel and running buffers were 
adjusted to pH 6. 0 (A), 7. 0 (B) or 8. 0 (C). Electro-
phoretic mobility (Rf) is expressed relative to the 
Bromphenol blue marker dye. The protein standards were: 
(1) albumin (2) catalase (3) ovalbumin (4) alcohol 
dehydrogenase (5) carboxypeptidase A (6) myoglobin 
(7) hemoglobin (8) ribonuclease A (9) cytochrome c. 
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sensitive ATPase, were studied in more detail to determine how 
such complex proteins might respond to various changes in the 
standard procedure for SDS gel electrophoresis (see Experimental). 
Some of the experimental observations, together with comments, 
are presented in Table IV.2. As a generalisation, the banding 
patterns on SDS gels changed remarkably little with the various 
experimental conditions, despite the relatively complex and 
hydrophobic nature of the proteins. 
During the early biogenesis studies (chapter III) cytochrome 
band cytochrome oxidase sometimes formed anomalous banding 
patterns on SDS gels. An interesting feature of such gels was 
that one or more of the bands normally seen were either diminished 
in intensity or were absent completely, although the staining 
pattern seemed otherwise sharp and well defined. Cytochrome b, 
for instance, exhibited either a reduced intensity or a complete 
lack of subunit I and only a broad band in the low molecular 
weight region corresponding to subunits V-VII (Fig. IV-2). A 
prominent band appeared at the top of the gel under these 
conditions. Further study of this problem using cytochrome b 
revealed th-at a 4-fold increase in the SDS/protein ratio returned 
the banding pattern to normal. Where the normal SDS gel pattern 
was seen at the lower SDS concentration, the addition of 5 mg 
DOC/mg protein before dissociation produced the atypical pattern 
shown in Fig. IV-2. The addition of P-lipid before 
dissociation (1 mg/mg protein) caused the low molecular weight 
bands to move closer together, apparently because much of the 
lipid material moved just ahead of the fastest moving protein 
band. Taken together, these observations indicate that some 
caution is necessary when SDS polyacrylamide gel electrophoresis 
is used to resolve membrane proteins containing bile detergents 
and P-lipid. Some variation of the SDS concentration may be 
necessary to obtain satisfactory gel patterns. 
To determine whether any of the SOS-dissociated subunits of 
cytochrome b, cytochrome oxidase or the ATPase complex exhibited 
anomalous electrophoretic migration on SDS gels, Ferguson plots 
(i.e. log relative mobility vs acrylamide concentration) were 
constructed by electrophoresing the proteins on SDS gels of 
.varying acrylamide concentrations [ 121 J (the bisacrylamide/ 
acrylamide ratio was kept constant). With the exception of sub-
unit I of both cytochrome band cytochrome oxidase, the poly-
TABLE IV-2 
THE EFFECT OF VARIOUS EXPERIMENTAL CONDITIONS ON THE SOS GEL ELECTROPHORESIS PATTERN OF CYTOCHROME b AND 
ATPase 
Cytochrome band the oligomycin-sensitive ATPase were isolated from yeast cells as described in Experi-
mental. In the standard procedure the samples (50 µg protein in 50 µl) were dissociated in the presence 
of 1% SOS and 1% dithiothreitol, then electrophoresed on 10% gels as described in Experimental. The 
indicated experimental variations were made to this standard procedure. Before chloroform-methanol 
extraction, the proteins were precipitated with (NH 4 ) 2 S0 4 • 
Experimental variation 
Standard procedure 
SOS concentration between 2-5% during sample dissociation 
SOS 0.1% during sample dissociation 
Urea (4 or 8 M) or 10% acetic acid - 0.8 M urea together 
with SOS during sample dissociation 
Equilibration of gels with 1 rnM dithiothreitol and 
presence of 1 rnM dithiothreitol in electrophoresis buffer 
Addition of 0.1 M iodoacetamide or N-ethylmaleimide after 
sample dissociation 
No dithiothreitol during sample dissociation 
Extraction with chloroform-methanol (2:1) before sample 
dissociation 
Precipitation of sample with 80% acetone before dissoci-
ation 
Gels prepared with either 5 or 7.5% acrylamide 
Fixation and staining/destaining of resolved proteins in 
10% trichloroacetic acid or 7% acetic acid medium 
Subunit pattern 
normal 
normal 
darkly staining band at top of gel; quali-
tative and quantitative changes in banding 
pattern 
normal 
normal 
normal 
darkly staining band at top of gel; 
ional high molecular weight bands 
normal 
normal 
addit-
banding pattern more diffuse especially at 
5% acrylamide 
reduced staining intensity of low molecular 
weight polypeptide(s) 
Fig. IV-2 Anomalous SDS gel patterns of cytochrome band cyto-
chrome oxidase. Samples (200 µg) were depolymerized 
in 1% SDS and electrophoresed in the presence of 0.1% 
SDS on 10% gels as described in Experimental. The 
arrows denote the origin and the normal positions of 
the missing bands in the staining patterns. 
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peptides moved with the same free mobility (Fig. IV-3). The same 
free mobility value was also found for a series of six standard 
proteins (Fig. IV-3). This indicates that for almost all of the se 
hydrophilic and hydrophobic polypeptides the SDS method genera l l y 
gives reliable molecular weight estimates. For subunit I of 
cytochrome band cytochrome oxidase (which migrated anomalously) 
the molecular weight calculated from SDS gels would depend on the 
gel concentration and must therefore be estimated in an independ -
ent way. Recently, the non-ideal behaviour of subunit I of 
cytochrome oxidase during SDS electrophoresis has been recognise rl 
in three other laboratories [26,45,78). 
IV-3.3 Gel electrophoresis of proteins solubilized in phenol-
acetic acid-urea 
One of the early methods for dissociating gel electrophoresis 
was described by Takayama et al. [67) and employed phenol-acetic 
acid-urea for dissociation. The method is now considered inferior 
to the SDS one for several reasons: (1) the separation of poly-
peptides is not determined by molecular weight but depends both 
on size and charge [67), (2) much of the protein is apparently 
aggregated by these reagents and fails to penetrate the gel 
[67,123], (3) less bands are sometimes observed compared with 
the SDS method [75). Notwithstanding, the method is still widely 
used and has been briefly examined here for the purpose of 
comparison, using the yeast ATPase protein. 
The pattern obtained following electrophoresis and staining 
of the gels (Fig. IV-4A) was similar to that reported by 
Tzagoloff (124) and showed fewer bands than the SDS method (see 
Fig. IV-8). It should be noted however that the banding pattern 
observed was dependent on the method used to prepare the gels. 
Polymerization for 60 min instead of 15 min at 50°C resulted in 
the disappearance of the first major band (Fig. IV-4B). On the 
other hand incubation of the ATPase protein in phenol-acetic 
acid-urea for varying lengths of time (0-90 min) before appli-
cation to the gels had no effect on the pattern. A considerable 
portion of the protein always remained at the origin, as shown 
by the prominent band at the top of the gels. 
IV-3.4 CTAB gel electrophoresis of soluble proteins 
A typical CTAB gel showing five standard proteins is shown 
in Fi . IV-5. Banding was normally quite sharp, allowing 
Fig. IV-3 The electrophoretic mobilities of cytochrome b, cyto-
chrome oxidase and ATP subunits on SDS gels at 
ase 
varying acrylamide concentration. Cytochrome b, cyto-
chrome oxidase and the oligomycin-sensitive ATP ase 
were isolated as described in the text. The samples 
(78-96 µg) were dissociated and electrophoresed in the 
presence of SDS as described in Experimental, except that 
the acrylamide concentration of the gels was varied 
between 5 and 12.5% at a constant acrylamide/bisacryl-
amide ratio. Bovine serum albumin (BSA), ovalbumin 
(OVALB), carboxypeptidase A (C'PEPT), trypsin, myoglobin 
(MYOGL) and cytochrome c (CYT c) were similarly treated. 
The mobilities (Rf) of the standard proteins and the 
membrane protein subunits at various gel concentrations 
are expressed relative to Bromphenol blue. Each point 
is an average of three independent measurements. Free 
mobility (M
0
) values are obtained by extrapolating the 
plots to zero polyacrylamide concentration. Subunits 
I-VII of cytochrome band I-V of cytochrome oxidase are 
as originally designated in Fig. II-12. The subunits 
III, V, VI and IX of the ATP protein are those sub-
ase 
units which appear to be present in the hydrophobic 
membrane factor of the mitochondrial ATP [5,77). 
ase 
The molecular weights of these bands are shown in 
Table IV-3. 
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Fig. IV-4 Polyacrylamide gel electrophoresis of the mitochondrial 
ATP solubilized in phenol-acetic acid-urea. The 
ase 
oligomycin-sensitive ATP (100 ~g), prepared as 
ase 
described elsewhere [54], was solubilized in phenol-
acetic acid-urea according to Takayama et al. [67). 
Gels were polymerized at 50°C for 15 min (A) or 60 min 
(B) and electrophoresis carried out in 10% acetic acid 
at 5 mA/tube for 2-3 h. The gels were stained and 
destained as described [67]. The arrows denote the 
origin. 

Fig. IV-5 CTAB gel electrophoresis of standard proteins. 
Samples (5 µg) of albumin, ovalbumin, carboxypeptidase 
A, myoglobin and cytochrome c (top to bottom) were 
depolymerized and electrophoresed in the presence of 
CTAB as described in the text. Decreased staining 
intensity was normally observed with cytochrome c 
compared to the other standards shown. 
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detection of as little as 1-2 µ g of protein. A plot of the 
logarithm of the molecular weight versus the relative mobility in 
such gels yielded as straigh t line for eighteen standard 
proteins (Fig. IV-6). The molecular weights after dissociation 
ranged between 10,000 and 66,000. Except for lysozyme, deviation 
from linearity were small, and in our hands, molecular wei g ht 
estimation was as accurate as with the SDS method. 
The reason for the anomalous behaviour of lysozyme is 
uncertain. Correct mobility was observed with other buffers 
however (e.g. cacodyla te, succinate, citrate) while cytochrome c 
moved slower than expected in these buffers. These findings 
suggest that the migration of some proteins may be particularly 
sensitive to ionic effects. 
IV-3.5 Detergent electrophoresis of membrane proteins 
Surprisingly little is known about the interaction between 
membrane proteins and cationic detergents. Indeed such deter-
gents have been used only infrequently, largely because of their 
disruptive nature and their affinity for the anionic membrane 
P-lipids. However, the similarity with SDS in terms of 
dissociability and size-dependent migration during electrophor-
esis indicated that CTAB electrophoresis might be useful in the 
first instance for resolving membrane polypeptides. A comparison 
has thus been made between CTAB and SDS electrophoresis, using 
three membrane proteins isolated from yeast mitochondria. 
Dissociation of the oligomycin-sensitive ATPase, cytochrome 
band cytochrome oxidase, followed by electrophoresis on gels 
containing the same detergent, yielded multiple banding patterns 
in both gels (Fig. IV-7). In general, however, less bands were 
see n with CTAB. The molecular weights of the bands (Table IV-3), 
calculated by comparison with standard proteins, revealed that 
only some bands on CTAB gels corresponded with those on SDS 
gels. Cytochrome b for example, which exhibited seven bands 
with SDS but only five with CTAB, contained four bands which 
appeared on both gels. Molecular weights of these bands were 
approximately 42,000, 33,000, 13,000 and 10,000. Bands at 
27,500, 23,000 and 15,500 were present only with SDS, and a 
band at 52,000 occurred only with CTAB (Table IV-3). 
An important point in considering protein-amphiphile inter-
actions is that only the amphiphile monomer, not the mice ll ar 
Fig. IV-6 Dependence of mobility on molecular weight during CTAB gel electrophoresis. 
Depolymerization and electrophoresis in CTAB- phosphate buffer were carried 
out as described under Experimental. Electrophoretic mobility (Rf) is expressed 
relative to alcohol dehydrogenase. The protein standards and their molecular 
weights are: (1) albumin, 66,000 (2) catalase, 60,000 (3) fumarase, 49,000 
(4) ovalbumin, 46,000 (5) alcohol dehydrogenase, 41,000 (6) pepsin, 35,000 
(7) carboxypeptidase A, 34,600 (8) carbonic anhydrase, 29,000 (9) subtilisin, 
27,600 (10) a -chymotrypsinogen A, 25,700 (11) trypsin, 23,300 (12) haemoglobin, 
15,500 (13) QB coat protein, 15,000 (14) lysozyme, 14,300 (15) chymotrypsin B 
chain, 13,900 (16) ribonuclease A, 13,700 (17) cytochrome c, 11,700 
(18) chymotrypsin C chain, 10,100. 
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Fig. IV-7 Comparison between CTAB and SDS electrophoresis using three hydrophobic proteins 
isolated from yeast mitochondrial membranes. Proteins were depolymerized with 
either CTAB or SDS and electrophoresed on gels containing the same detergent. 
Details are given in the text. The unmarked bands were either reduced in intensity 
or completely absent in other preparations, and are not considered true subunits. 
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TABLE IV-3 
SUBUNIT MOLECULAR \'VEIGHTS OF THREE MEMBRANE PROTEINS 
DETERMINED BY CTAB OR SDS GEL ELECTROPHORESIS 
The molecular weights correspond to the bands shown in Fig. IV-7. 
ATPase cytochrome b cytochrome aa 3 
SDS CTAB SDS CTAB SDS CTAB 
_3 
Subunit molecular weight (x 10 ) 
60 66 
54 54 52 
42 42 42 43 42 43 
32 31. 5 33 32 
28 27.5 26.5 24 
22 23 21.5 
20 
17.5 15.5 
13 13 14.5 14 12.5 
10.5 10.5 8.5 10.5 7 
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form, is active [23,68]. A lower critical micellar concentration 
in the case of CTAB could thus decrease protein dissociation and 
give fewer bands compared with SDS. This explanation has been 
ruled out, however, since the values determined for CTAB (2.1, 
1.0 and 0.4 mM in water, 10 mM and 100 mM NaH 2P0 4 -Na 2 HP0 4 buffer 
(pH 7.4) respectively) were similar to those for SDS at these 
ionic strengths [118]. The concentrations used for dissociation 
(1%) and electrophoresis (0.1%) were also the same for both 
detergents, and above their critical micellar concentrations. 
It therefore became important to ascertain that the 
differences in membrane protein patterns in the presence of SDS 
or CTAB (Fig. IV-7) did not simply result from unsatisfactory 
experimental conditions. Therefore, an examination of the CTAB 
electrophoresis method was undertaken using membrane proteins in 
a similar way to that already described for the SDS method 
(Table IV-2). Cytochrome band to some extent the ATPase 
complex were examined, and the results are shown in Table IV-4. 
The banding patterns remained essentially unchanged thus 
eliminating a simple technical explanation for the different 
effect by the -two detergents. 
It thus seemed reasonable that the fewer bands observed 
with CTAB might be related to the more hydrophobic nature of the 
membrane polypeptides. Indeed no differences between CTAB and 
SOS gels were observed with hydrophilic proteins; of eighteen 
in this class which were examined (see Fig. IV-6) each showed 
a major band with CTAB corresponding to the fully dissociated 
subunits. In order to pursue this question, further experiments 
were carried out using the oligomycin-sensitive ATPase. The 
complex molecular make-up of the protein is reasonably well 
understood [28] and consists of three functionally distinct 
protein units: (a) coupling factor l (F 1 ), a multiple-subunit, 
hydrophilic protein identified as the 100 A spheres lining the M 
(matrix) face of the inner mitochondrial membrane, (b) a membrane 
factor consisting of several hydrophobic subunits, at least one 
of which contains more than 75% non-polar amino acids [125], 
(c) the oligomycin-sensitivity conferring protein, a single, 
hydrophilic protein which serves as a structural link between 
the membrane factor and F1 . In addition the molecule contains 
approximately 24% (W/w) P-lipid [54]. Of importance is that 
whil s t Fi and the oligomycin-sensitivity conferring protein are 
TABLE IV-4 
THE EFFECT OF SOME SAMPLE TREATMENTS ON CTAB GEL ELECTROPHORESIS PATTERN OF CYTOCHROME b AND ATPase 
Cytochrome band the oligomycin-sensitive ATPase were isolated as described in the text and treated 
with CTAB. In the standard procedure the samples (50 µg protein in 50 µl) were dissociated in the 
presence of 1 % CTAB and 1 % dithiothreitol at 70°C for 30 min. The indicated variations were made 
to this standard procedure. The ATPase was examined only under the dissociating conditions descri-
bed in a and f-j. The electrophoresis in 10 % gels was performed in a standard way (see Experimental). 
I 
a Standard procedure 
b CTAB concentration varied between 2 and 5 % during dissociation 
c Dithiothreitol concentration low (0.1%) during dissociation 
d Dissociati on at 0°C overnight or at 100°C for 3 min 
e Dissociation in the presence of 8 M urea or 10 % acetic acid - 0.8 M urea (together with 1% CTAB} 
f Addition of iodoacetamide (0.1 M) after dissociation 
g Extraction with chloroform-methanol (2:1, V/v) before dissociation 
(sample first precipitated with (NH 4 ) 2S0 4) 
h Acetone precipitation (80%) before dissociation 
i Precipitation with (NH 4 ) 2 so 4 in the presence of 2% chelate before dissociation 
j Extraction with n-butanol-water (1:8, V/v) before dissociation (sample 
first precipitated with (NH 4) 2 S0 4) 
Subunit pattern 
normal 
If 
If 
If 
If 
If 
II 
If 
If 
If 
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synthesized by the classical cytoplasmic system the hydrophobic 
subunits of the membrane factor are formed on mitochondrial 
ribosomes (46] thus allowing their selective labelling in the 
presence of inhibitors of extra-mitochondrial protein synthesis. 
To monitor their behaviour during electrophoresis therefore they 
were first labelled specifically by incubating the yeast cells 
with [ 3H]leucine in the presence of CHl (see Experimental). 
Sodium dodecyl sulprate gel electrophoresis of the labelled 
ATPase yielded two major radioactive peaks corresponding to 
subunits of molecular weight 42 , 000 and 28,000 and a smaller peak 
corresponding to a lightly staining band of molecular weight 
66,000 (Fig. IV-8). Whether the latter is a true subunit or only 
a dimer of the other two remains uncertain. Whatever the case it 
is likely to be hydrophobic in nature like other mitochondrially 
synthesized proteins (77], and therefore of no disadvantage in 
the present work. Electrophoresis in the presence of CTAB 
yielded a surprising result: although the staining pattern was 
normal, only 12-16% of the labelled protein migrated into the 
gel (Fig. IV-8), compared with 90% in the case of SDS. Pene-
tration could - not be further enhanced either by decreasing the 
acrylarnide concentration to 3.3%, raising the detergent level to 
1%, or reversing the electrodes, suggesting that the labelled 
hydrophobic subunits were either uncharged or present as high 
molecular weight aggregates. Attempts to resolve this question 
by chromatography on Sepharose 4B proved difficult; about 60 % 
of the radioactivity failed to penetrate the column in the 
presence of 0.1 M NaPi and 1% CTAB, pH 6.~ even when 0.1% bovine 
serum albumin was also included to avoid non-specific adsorption 
(Fig. IV-9). The elutable radioactivity however, chromatographed 
as one radioactive peak corresponding to molecular weight of 
less than 50,000. For these subunits at least, the failure to 
migrate electrophoretically is most likely linked with an 
absence of charge. 
Fig. IV-8 Comparison between the banding pattern of the oligomycin-sensitive ATPase 
and the fate of the labelled hydrophic subunits during electrophoresis on 
sos or CTAB gels. The hydrophobic subunits of the ATPase were selectively 
labelled in vivo by incubation in the presence of [ 3 H]leucine and CHl. 
The protein was then isolated, depolymerized with SOS or CTAB, and 
electrophoresed in gels containing the same detergent; 100 µg (5000 cpm) 
and 78 µg (3800 cpm) of solubilized protein were applied to the SOS and 
CTAB gels respectively. The gels were either sliced for radioactivity 
measurements, or stained and scanned spectrophotometrically. Details of 
these procedures are given in the text. The molecular weights indicated 
~n the SOS gel pattern are those of the three protein bands which are 
associated with the main radioactivity peaks. 
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Fig. IV-9 Gel filtration of CTAB-treated mitochondrial ATP on 
3 
ase 
Sepharose 4B. Yeast cells were labelled with [ H]-
leucine in the presence of CHI and the oligomycin-
sensitive ATPase isolated as described in the text. 
Samples (1 mg protein) were dissolved in 1 ml of 0.1 M 
NaPi' pH 6.0, and dissociated in 1% CTAB see 
Experimental). Sepharose 4B columns (1.7 x 27 cm) were 
equilibrated with 0.1 M NaP., pH 6.0, containing either 
1 
(A) 1 % CTAB or (B) 1% CTAB and 1 mg/ml bovine serum 
albumin (BSA). The CTAB-treated ATP samples (A: 1.0 
ase 
mg, 29,400 cpm; B: 0.83 mg, 24,500 cpm) were eluted at 
room temperature at the flow rate of 15 ml/h. Fractions 
(1.5 ml) were analysed for radioactivity as described 
in Experimental. The arrows indicate the elution volumes 
of Blue dextran and riboflavin in these columns. 
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IV-4 DISCUSSION 
IV-4.1 SDS polyacrylamide gel electrophoresis 
The method of SDS electrophoresis, originally discovered by 
Shapiro et al. [106], has since been considerably defined by 
others [56,119] and is now employed extensively as a standard 
method of protein characterization. It is especially useful for 
studies of oligomeric membrane proteins, since complete 
dissociation of non-covalently linked subunits is often achieved 
despite the strong hydrophobic stabilization inherent in these 
structures. Sodium dodecyl sulfate is effective by virtue of its 
high affinity towards proteins [23,68,126]. At sufficiently high 
concentrations it is capable of disrupting not only the non-
covalent interactions between polypeptides, but of displacing 
the non-covalently bound P-lipids from their binding sites on 
the proteins [23]. 
Formation of the SDS-protein complex is normally accompanied 
by severe structural disordering in the protein. Large changes 
in viscosity and optical rotary dispersion are found for many 
proteins at concentrations above 0.1 mM SDS monomer [127). A co-
operative mode of detergent interaction occurs, with hydrophobic 
forces making a major contribution to the free energy of inter-
action. High binding ratios are observed for such proteins 
reaching a uniform value of 1.4 g detergent/g protein at monomer 
concentration above 0.8 mM [68). As a result the protein becomes 
extended to a rod-like shape [127), the major axis of which is 
related directly to the overall size of the molecule. It is the 
elongated, molecular weight-dependent shape, coupled with a 
sieving effect in the gel matrix, which determines migration 
velocity [121,127]. The intrinsic charge is apparently over-
ruled by SDS, as discussed in section IV-3.1, and has little 
effect on the final electrophoretic behaviour. 
Due to their inherent hydrophobic stabilization, membrane 
proteins are sometimes not fully elongated in SDS, and may not 
behave ideally during SDS gel electrophoresis [115). Because 
of this, a detailed study was undertaken to establish how 
reliable the subunit pattern and the subunit molecular weights 
are, using the isolated yeast proteins. With the notable 
exception of gels where dithiothreitol was absent or the SDS 
concentration was low during the dissociation of the samples 
(Table IV-2 and Fig. IV-2), the banding patterns were unchanged . 
·- -
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The unusually high free mobility of subunit I of cytochrome 
oxidase is noteworthy since the subunit is the most hydrophobic 
polypeptide in the enzyme complex [45,78]. Its anomalous 
migration might therefore result from abnormally high SDS binding 
due to the unusual hydrophobic character of the polypeptide. If 
this were to occur, it would mean a larger complex and an 
unexpectedly low mobility in high acrylamide concentrations. 
IV-4.2 CTAB gel electrophoresis 
The linear relationship between the logarithm of the mole-
cular weight and the mobility on CTAB gels (Fig. IV-6), together 
with similar previous findings [117], establishes the method as 
a useful one both for polypeptide separation and molecular weight 
determination. The similarity with SDS electrophoresis is 
striking in this regard and is consistent with a recent report 
by Nozaki et al. [126] which indicated that CTAB may cause 
proteins to undergo the type of conformational change earlier 
recognized with SDS. Indeed, the co-operative binding of anionic 
and cationic detergents to proteins was accompanied by almost 
identical changes in optical rotation and circular dichroism, 
and by similar changes in hydrodynamic properties [126]. 
Electrophoresis of erythrocyte membrane proteins reportedly 
produced similar banding patterns on both SDS and CTAB gels 
though differences were noted with a sialoglycoprotein component 
[117]. The yeast membrane proteins used here uncovered an 
important difference however, namely the failure of more hydro-
phobic subunits to migrate in the presence of CTAB . Evidence for 
this was obtained with the oligomycin-sensitive ATPase from yeast 
mitochondria, which contains both hydrophobic and hydrophilic 
subunits. The hydrophobic subunits, which were specifically 
labelled by an in vivo technique, were largely excluded from CTAB 
gels although three radioactive peaks were observed with SDS 
(Fig. IV-8). Fewer bands were also found on staining, not only 
with the ATPase, but also with cytochrome band cytochrome 
oxidase (Fig. IV-7) suggesting that the exclusion of some poly-
peptides may be a fairly general feature for this type of protein. 
The intrinsic P-lipid content seems an unimportant factor in this 
regard since as previously observed with SDS [129] the banding 
patterns with CTAB were essentially unaltered by prior delipi-
dation with reagents such as chloroform-methanol (2 : 1, v/v), 
--
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acetone-water (4:1, v/v), cholate (2%, w/v) or n-butanol-water 
(1:8, V/v) (Table IV-4). Self aggregation of the hydrophobic 
subunits is not a complete explanation either since with the 
oligomycin-sensitive ATPase, at least 40% of the radioactive, 
non-penetrating subunits were dissociated by CTAB, as judged by 
chromatography on Sepharose 4B. Rather their failure to migrate 
towards the cathode (or the anode) points to an absence of 
charge and thus a failure to bind much CTAB. While the reason 
for this remains unclear at present, we should bear in mind the 
additional thermodynamic barrier opposing the disordering of a 
hydrophobic protein in the highly polar, aqueous environment. 
Should the first interaction with CTAB fail to overcome the 
inherent hydrophobic stabilization, the more extensive co-
operative mode of binding seen with SDS may not occur at all, 
thereby leaving the molecule more or less folded and with little, 
if any, charge contributed by bound detergent. This interpre-
tation is at least consistent with the fact that with CTAB, the 
more extensive, co-operative mode of binding to proteins occurs 
close to its critical micellar concentration [126]; if a 
protein remained undenaturated at this point, increasing the 
CTAB concentration might not be effective since an increase in 
the monomer species (i.e. the species effective in binding) would 
be largely prevented by the onset of micelle formation. Similar 
reasoning to this has already been advanced by Makino et al. 
[23) to explain why the bile detergents and Triton X-100 often 
fail to denature oligomeric membrane proteins. Again, it is 
proposed that micelle formation begins before a sufficiently 
denaturating concentration of monomer is reached. 
7 
IV-5 SUMMARY 
A separation of polypeptides is reported based on po ly-
acrylamide gel electrophoresis in the presence of the cat ionic 
detergent CTAB. Like SDS electrophoresis, it shares the 
ad vantages of dissociability coupled with a linear relationship 
between the migration velocity and the logarith of the molecular 
weight at least when applied to the simpler hydrophilic prot ins . 
Polypeptide chain molecular weights can thus be estimated with 
considerable accuracy. 
More complex membrane proteins generally produced fewer 
bands with the cationic detergent than with SDS. Studies with 
the oligomycin-sensitive ATP protein indicate that thi s is 
ase 
due principally to an exclusion from the gel of the subun its 
with greatest hydrophobicity. 
Variations of the experimental conditions affected the 
banding patterns on SDS and CTAB gels remarkably little des ite 
the relatively complex nature of the h ydrophobic membrane 
pro teins under investigation. For the SDS gel electrophoresi 
method, only the -absence of the reducing agent or a limit ing 
SOS c oncentration during sample dissociation caused changes in 
the gel patterns. The SDS method was generally found to gi e 
reliable molecular weight estimates for ''standard" hydroph ilic 
prote ins as well as the hydrophilic and hydrophobic subun its 
of three membrane proteins which were examined. 
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